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ABSTRACT
A method has been developed for computer calculation of radiative 
cooling rates within an ice fog (crystal radii 1 to 7p, number density
_3
100 to 1000 crystals cm ) or an ice crystal display (also called 
diamond dust; crystal radii 25 to 500p, number density .01 to 1 crystals 
cm ). Mie scattering is assumed for the nearly spherical ice fog 
crystals, while diamond dust crystals,which are mainly flat plates, 
are considered black in the infrared. Elsasser's treatment is paralleled 
with some modifications, for water vapor and carbon dioxide. The 
basic method is usable for almost any kind of cloud or fog, although 
the computer calculations become quite lengthy if both scattering 
and the dependence of the ice crystal parameters on wave number are 
considered.
Cooling rate profiles for ice crystal displays showed cooling
rates, at the top of the displays, ranging from 4 to 6 °C (12 hr) *
3
for displays having one 25p radius crystal per cm to nearly 100°C(12 hr) 
for snow. Cooling rates decreased exponentially as they were calculated 
deeper in the display, and for snowfall even a 100 m thick layer was 
nearly black.
Cooling rate profiles in ice fog were computed both with the full 
scattering equation and with a gray-crystal approximation. Comparison 
of the results indicate that the small-crystal fogs typical of auto­
mobile exhaust behave similarly to a fog with crystals which are 25% 
black and 75% transmitting. Such thin fogs, in layers up to 20 m 
depth, produce a general enhancement of the cooling rate in the fog with
iii
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no particular tendency toward development of an adiabatic lapse rate. 
Deeper fogs with a size distribution more typical of downtown, mixed- 
origin ice fog gave cooling rate profiles which agreed in shape v;ith 
a 75% black fog, but in magnitude with a 25% black fog. Fogs of this
type with total ice contents greater than 1 .4 x l(f4 gn cm-2 were fouitf to. 
produce convective lapse rates in the fog with inversions at the fog 
top even without considering man-made heating near the ground. If the 
man-made heating is considered, even thinner fogs will produce con­
vective lapse rates.
The influence of ice fogs on radiative processes has a complex 
effect on the local climate of Fairbanks. The presence of ice fog 
enhances the heat island over the city. It also results in the 
development of an overall temperature structure which appears to be 
even more conducive to the concentration of air pollution than is the 
normal steep ground inversion. The result is the automatic development 
of the worst possible structure for air pollution at just the time 
when low temperatures cause peak fuel consumption.
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CHAPTER I
INTRODUCTION AND HISTORICAL BACKGROUND
Long wave or "terrestrial" radiation, with wavelengths greater 
than 4y, has long been recognized as a major factor both in the total 
heat budget of the earth (where it must balance the absorbed portion 
of the incoming short wave (solar) radiation) and in the development 
of the temperature structure of the atmosphere (Simpson, 1927; Wexler, 
1936). There are many techniques for computing radiative cooling 
rates in the atmosphere (Goody, 1964). But the standard computational 
methods do not allow consideration of cooling rates in atmospheres 
containing aerosols or thin clouds, as they are based entirely on 
radLation from water vapor, carbon dioxide and, to a lesser extent, 
ozone, with clouds (and usually the ground as well) considered as 
black bodies. Unfortunately, there are many cases, such as the ice 
crystal displays discussed by Gotaas and Benson (1965), which cannot 
be treated without considering the aerosol contribution to the atmo­
spheric radiation. The purpose of this dissertation is to examine 
in detail two of these cases which are of particular Importance in 
Interior Alaska: ice crystal displays and ice fog.
In order to provide some historical background for the mathema­
tical treatment in Chapters II and III and for the meteorological 
situations in Chapter IV, the remainder of this chapter will be devoted 
to a qualitative discussion of some of the earlier basic literature.
In section A the meteorological situations will be discussed and the 
problems defined. Section B will cover the development of radiative
1
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transfer equations, while section C will cover their applications to 
problems in terrestrial radiation.
A. Effects of Aerosols on Cooling Rates
Dines (1931) observed that if a dense ground fog formed under 
strong inversion conditions, the lapse rate within the fog would be 
transformed to an essentially adiabatic one, with the inversion now 
appearing at the top of the fog layer. This phenomenon was explained 
by Brunt (1932) as being due to an upwards displacement of the effective 
radiating surface from the ground to the top of the fog layer. The 
same observation was made by Dobson (1948) in reference to air pollu­
tion studies.
Fleagle et al. (1952) used a greatly simplified model to calculate 
the effect of an essentially black ground fog on the local lapse rate. 
Their results confirmed Dines's suggestion. These investigators also 
pointed out that the type of temperature structure produced by this 
mechanism is one which is highly conducive to severe air pollution 
episodes, as the effective lifting of the inversion results in trapping 
of stack gases that would otherwise remain above the inversion, while 
still severely limiting the amount of air available for dilution.
They suggested that this mechanism may have been involved in the air 
pollution disaster at Donora, Pennsylvania in October 1948.
Fleagle et al. (1952) pointed out that smokes, in which the parti­
cles are small compared with the peak wavelengths of the terrestrial 
infrared radiation at about 10-15u would not be expected to produce 
as strong an effect on lapse rates as fogs with equal short wave
2
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3visibilities. In Fairbanks, Alaska, ice fogs with mean particle 
diameters around 5p have been observed to develop normal lapse rates 
in their interiors and inversions above the fog (Robinson and Bell, 
1956). Ice fog is itself a form of low-temperature air pollution, and 
any feedback effect affecting its severity is of great concern. Since 
the sizes of ice fog crystals are of the same order of magnitude as 
the wavelengths involved, a somewhat more complex treatment than that 
of Fleagle et al. (1952) must be used. Specifically, the effects of 
absorption and emission by water vapor, carbon dioxide and ice crystals 
must be considered, together with possible scattering by the ice cry­
stals. Water droplets are generally not present in this aerosol 
(Ohtake, 1970) and will therefore not be considered, although an 
extension of the equations to cover water- or mixed-phase thin clouds 
would merely be a matter of recomputing coefficients. Absorption and 
scattering coefficients for the ice crystals will be computed (in 
Chapter A) from data derived from the Mie theory (van de Hulst, 1957) 
for the scattering of electromagnetic radiation by uniform spheres.
Neither ice fog nor Hie scattering will be discussed extensively 
in this thesis; the reader desiring fuller background information on 
either is directed to Weller (1969) on ice fog and van de Hulst (1957) 
on scattering. Both works have excellent bibliographies.
A second type of radiative cooling in the presence of aerosol 
particles was first mentioned by Kraus (19A7), who suggested that 
radiation from soot particles suspended in the air would increase 
the nocturnal cooling rate and thus enhance the probability of fog
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
Aformation in the sooty layer. Essentially the same argument was pre­
sented independently by Gotaas and Benson (1965) for ice crystal 
displays or "diamond dust", with plane ice crystals of radii ^ 25p and
_3
number densities ^ 1 an replacing the soot particles and crystal growth 
replacing fog formation. In the usual treatment of the fog or cloud 
situation, radiative exchange is generally considered to be confined 
to the cloud boundaries. The individual crystals or droplets making up 
the cloud are either ignored completely or considered to be in radiative 
equilibrium with each other. In contrast to these assumptions, the 
two papers above consider particles to be mutually independent black­
body radiators, with the height of the upper boundary of the turbid 
layer not considered to be of any importance. As one result, the 
computed cooling rates in these papers are generally higher than those 
observed. This result is due to the neglect of overlapping of the 
crystals as seen from above, which for large enough thicknesses 300 mb) 
leads to an effective radiating area greater than that of a horizontal 
surface. The treatment is valid for thin layers (< 50C m with the 
crystal sizes and densities used) where the overlap is negligible. It 
should be emphasized that Gotaas and Eenson were considering an ice 
crystal display with visibility generally greater than 25 km (15 miles) 
not an ice fog. They did not attempt to discuss ice fog radiation.
In order to have a better idea of the extent to which ice crystal 
radiation actually affects cooling rates, a recomputation is needed 
which includes the effects of radiative interaction among crystals, 
and between crystals and the atmospheric gases. The ice crystal display
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5problem Is a simplification of the one which includes ice fog, and can 
be handled by the same methods. Ice fog crystals are nearly spherical 
and have diameters in the range 2-15 p. Hie scattering therefore applies, 
and as computation of the Mie efficiency factors in Chapter IV will show, 
scattering coefficients are similar to those for absorption.
Crystal display crystals, on the other hand,are generally well 
developed, symmetrical thin plates with diameters around 50 p or more, 
which orient horizontally while falling slowly through the air. There 
is no theory available for the exact calculation of scattering and 
absorption coefficients, and in the absence of such a theory there is 
no justification for considering anything more complex than the first- 
order approximation of black, non-scattering crystals. This assumption 
is supported by the more nearly exact calculations for ice fog, which 
demonstrate the increasing approach to blackness of the larger crystals, 
and by the computations of Skekhter (1966) for cloud droplets. Again 
we will consider only water vapor, carbon dioxide and ice crystals, and 
assume that any water droplets present will either freeze or evaporate 
so quickly that their equilibrium concentration is negligible.
To recapitulate, our basic problem is to find or adapt a radiative 
transfer equation which will include the effects of absorption, emission 
and scattering of radiation, find the coefficients of absorption and 
scattering for ice fog, and solve this equation for the energy flux 
as a function of height both inside and outside of the layer containing 
ice crystals.
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6B. Equations of Radiative Transfer
There are at least two basic situations in which radiative transfer 
equations may be useful. In the first situation the composition, temper­
ature and pressure are known functions of position, and the determination 
of the energy transfer, and specifically the cooling due to energy diver­
gence owing to radiative processes is the result desired. This has 
generally been the situation of interest to the meteorologists, and 
more recently of those planetary astronomers interested in the meteo­
rology of other planets (Sagan, 1969; Pollack, 1969A and 1969B). The 
main concern in this case is the energy transport, which involves inte­
gration over both wavelength and angle; furthermore the resulting equations 
should be applicable to a variety of situations. As a result, most of 
the meteorological radiative transfer equations are basically simplified 
applications of those developed for astrophysical purposes. Some of 
the history of these applied equations will be covered in section C.
The second situation, (and the one which produced the results which 
will be discussed in this section) is that in which the information 
received from some distant object consists largely or entirely of the 
spectral and spatial distributions of electromagnetic radiation. (The 
spatial distribution may imply an angular distribution if the shape of 
the object is known; e.g., Limb Darkening of the Sun.) Here the problem 
is to construct a model for the composition, temperature distribution, 
size etc. of the distant object, and use the equations of radiative 
transfer to compare the radiation which should be received from the 
model with that actually observed. Historically this has been the 
method of the astronomers, particularly the astrophysicists and planetary
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
astronomers; and more recently it has been the approach of those meteor­
ologists whose primary interest is the interpretation of satellite data. 
As a general rule, this approach requires equations which are valid for 
a specific direction and wavelength (although boundary conditions may 
involve energy integrated over angles and/or wavelength) and it has 
produced most of the more nearly exact equations.
One of the early pioneers in radiative transfer equations was 
Schuster (1905), who derived a pair of one-dimensional transfer equations 
which included the effects of isotropic scattering, absorption and 
emission. He also solved these equations for the isothermal case (black­
body emission invarient with height) and the special case in which the 
black-body emission varies linearly with height, (note this does not 
imply a linear variation of temperature) and used his results to explain 
the shapes of some of the lines in the solar spectrum.
Schuster's work is normally considered together with that of 
Schwarzschild (Milne, 1923) who made calculations for a pure scattering 
atmosphere. Milne (1923), using the work of both men, fotmulated the 
full equations of radiative transfer (neglecting the effects of polar­
ization) for a plane-parallel, gray atmosphere with absorption, emission 
and Isotropic scattering. He also provided approximate solutions for 
the full equation.
The culmination of this line of work, and the primary reference in 
the field today, is Chandrasekhar (1950). Additional basic references 
include Kourganoff (1952) and Sobolev (translation 1963); van de Hulst 
(1957) is the basic reference on scattering. King (1968 gives a histor­
ical outline of the development of radiative transfer equations.
7
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Recent astronomical applications which bear on our problem include 
Sagan and Pollack (1967) and Potter (1969) on the possibility of ice 
clouds on Venus and Irvine (1963), who suggests that the errors involved 
in ignoring the effects of polarization may be neglected for particles 
of dimensions comparable to the wavelength. Studies aimed towards the 
interpretation of terrestrial satellite data include a simple treatment 
of cirrus clouds by Zounkowski et al., (1965) as well as considerably 
more complex studies by Samuelson (1965) and Sekera (1968).
C. Studies of Radiative Cooling
The first investigators to attempt to use infrared fluxes to explain 
the observed temperature structure of the terrestrial atmosphere were 
Humphreys and Gold in 1909 (King, 1968). They assumed radiative equili­
brium and a gray atmosphere and, although their computed vertical tem­
perature gradient more or less agreed with observations, their latitudi­
nal gradient had the wrong sign. They were followed by Emden (King 
1968) and by Simpson (1927).
Simpson (1928a) first emphasized the importance of using at least 
an approximation of the water vapor and carbon dioxide spectra, as his 
1927 computations with a gray atmosphere indicated that the atmosphere 
would be unable to adjust its radiative output to 6pace in response to 
variations in the solar input. (Essentially the same result has recently 
been re-derived by Ingersoll (1969) for the case where the water vapor 
content and/or cloudiness is so great that the atmosphere is essentially 
opaque even in the 8-12 y "window'' region, and used to explain the 
apparent current shortage of water vapor on Venus.) Simpson's method
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involved assuming that radiation from the earth to space was essentially 
directly from the ground in the 8 ^ 1 1 p window, from the stratosphere 
from 5 to 7 11 and at wavelengths beyond 14 p. For the Intervals 7-8^ p 
and 11-14 p the outgoing radiation is taken to be the average of that 
from the ground and that from the stratosphere. This scheme allowed 
computation of outgoing radiation as a function of latitude, and the first 
good estimate of the earth's heat balance (Simpson, 1928a).
These early papers were generally concerned with equilibrium temper­
ature or (as in Simpson's heat balance study) with deducing the necessary 
heat transport when solar and terrestrial radiation did not balance 
locally. According to Moller (1951) Mugge and Holler developed a radiation 
chart as early as 1932. Wexler (1936) referenced Mugge and Holler but 
used Simpson's technique in his classic paper on the formation of contin­
ental polar air. He described the nocturnal cooling of an air column 
by radiation in wavelengths outside the "window" to an underlying snow 
surface which in turn was radiating to space through the window. Elsasser 
(1942) published the first detailed radiation chart available in English, 
while the version of Hollar's chart most often referenced was published 
(in Germany) in 1943 (Moller, 1951).
During the next twenty years a variety of computational methods for 
atmospheric radiation were derived (e.g., D. Brooks, 1950; F. Brooks,
1952; Yamamoto, 1952 and 1953; Elsasser and Culbertson, 1960). More 
recently, several papers and books have been published comparing the 
various methods in use and reconsidering the theories behind many of the 
simplifications (Goody, 1964; Kondrat'yev, 1965; Atwater, 1966; Rodgers 
and Walshaw, 1966). However, these authors are almost unanimous in their 
treatment of clouds (if at all) as black bodies.
9
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Hewson (1943) had modified Schuster's equation to allow for absorp­
tion and scattering of visible light in clouds. Fleagle et al. (1952) 
treated the case of an absorbing and emitting layer under very simple 
assumptions (basically, a gray atmosphere and essentially black fog).
But the first serious treatment of clouds as layers which might transmit 
and reflect, as well as absorb and emit, infrared radiation was by 
Havard (1960). Havard computed the effective reflectivity, transmis­
sivity and absorptivity at several infrared wavelengths of water clouds 
of varying thicknesses with Mie-scattering droplets. He did not include 
emission, nor did he attempt to set up transfer equations which would 
be valid in the interiors of his reflecting and transmitting clouds.
Godson (1965) included the effect of a "turbid layer" with both 
scattering and absorption near the ground in a treatment otherwise 
similar to Simpson's (1928). His results were similar to those of 
Fleagle et al., (1952) with enhanced cooling near the top of the turbid 
layer. Zduakowski et al. (1966) considered the effect of a thin haze 
layer near the ground, using spectrally averaged values of ^ 0  and haze 
transmissivities, and found only slight enhancement of cooling rates
In the Russian literature, Grosheva (1966) and Petrova and Feigelson 
(1966) have considered some of the effects of thermal radiation on low 
clouds, while Shekhter (1966) presents and solves equations for fluxes 
in the presence of emitting, absorbing and scattering clouds. Shekhter 
did not try to obtain flux divergences inside the clouds, but did 
compute the apparent emissivlties, absorptivities and reflectivities 
of cloud layers.
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On the basis of Shekhter's paper, it would seem that the Russian 
literature on practical equations for infrared transfer in cloudy atmo­
spheres may be somewhat ahead of the English. Unfortunately, very little 
of it is available in translation, and the original Russian is difficult 
to follow at best, especially when symbols are used which appear to 
be standard in Russian (but not in English) without full definitions.
Our flux backscatter (defined in Chapter 11) appears to be different 
from anything used by Shekhter, although the incomplete definition of 
some key symbols in his derivation of coefficients make this section of 
his paper difficult to interpret.
Shekhter's basic equations are the same as those used in this 
paper and his method of solution is similar. We will apply our boundary 
conditions in a somewhat different manner, and since we are working 
entirely over snow surfaces, which are among the blackest of natural 
surfaces in the infrared, we will be able to neglect the infrared 
reflectivity of the ground. In addition, Shekhter used an exponential 
transmissivity curve for water vapor and neglected carbon dioxide; we 
will use Elsasser's (I960) smoothed absorption curves for both gases.
11
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CHAPTER II
DERIVATION OF EQUATIONS AND COEFFICIENTS
In order to handle the general problem of radiative cooling in the 
presence of suspended Ice crystals, we need an equation for the inte­
grated flux divergence in a medium with absorption, emission and scat­
tering, all varying with frequency. Several equations are available 
in the literature, although none are exactly suitable for our purposes 
as they stand. Rigorous derivations which are widely available in the 
literature will not be repeated but instead we confine ourselves to 
definition of the physical parameters and coordinate systems used and 
to brief discussions of the physical meaning behind each equation.
We will then consider the requirements of our particular case in selec- 
ing and modifying an equation of transfer and deriving the coefficients 
we will need.
A. The Exact Equation
Consider a narrow pencil of radiation, confined to the very narrow 
wave number interval v to v + dv, with directions of propagation con­
fined within a small solid angle dfi, incident upon a unit area the 
normal to which is at an angle £ to the direction of propagation 
(Figure II-l). The monochromatic intensity Iy is then defined by setting 
the energy transport across the unit area per unit time equal to  ^
I^ dfldvcosC (Chandrasekhar, 1950). Iv has the dimensions of energy time-*- 
solid angle'"*' area * wave number interval”*, and we will express it in
gcal (12 hr) * stearadian * cm”* (the area and wave number combine to
00
give the last term). The integrated intensity I^  is given by i ,  - 1 V v .
12
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II-1 Geometry of the intensity definition. After Chandrasekhar (1950).
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Iv will in general be a function both of position in space, r, and of
direction. We will follow Irvine (1965) and neglect polarization, <f> is
the azimuthal angle (measured counterclockwise) of the direction of
propagation, and ip is the angle between the direction of propagation
and the vertical.
Consider a beam of intensity Iv(r0»<|>o,^ o) as it traverses a small
dV -+
volume dV of thickness d£ and area - r r centered at r . An amount I„k dV
di o v v
of the incident radiation will be absorbed, where kv is the absorption
coefficient. In addition, an amount of radiation Iy (4>0,i|i0)dVf(<J»0 ,^ 0,4>,i|<)di2 
will be scattered out of the direction of incidence •Pgt'pQ into the solid 
angle dfl in the direction while an amount Iv(d>,ib)dVf(d>,ip,<po»b0)dfi
will be scattered from each dft into Finally, the volume dV may
contain radiation sources whose contribution we will denote by 
ev^ro*^o»^o^^* w*iere ev *s volume emissivity for wave number
to v + dv. Combining these terms and dividing by dV, we get the basic 
equation of radiative transfer:
~  - kvIv(r0,<J>0,iJ>0) - Iv(^ 0,$0,*0) j f(4>0 ,^ 0,<J),^)dfi +
4 it
4ir
We will refer to kv as the volume absorption coefficient*, and to
I (^♦-,*'1' »^ »^ )dfi as the volune scattering coefficient. Both of these 
4ir 0 0
quantities will in the most general case (as in our horizontally oriented 
ice crystal display) depend on rQ, <>0»^ 0 and the polarization of the
*Note that in this definition we do not follow Chandrasekhar, whose 
absorption coefficient corresponds to our extinction coefficient. 
Nomenclature in radiative transfer problems is confused at best.
14
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incident radiation. However, we will completely neglect the polarization 
(Irvine, 1965). For convenience we can define a volume extinction 
coefficient kv, where = kv + j f($0,»l>0,4>1'J')dfi. Simultaneously we 
define the voluoe single scattering albedo, sy, by the relationship sv *
"■ , and the indicatrix of scattering (or phase function)
K\>
by 4u(r,i|»0,>J)0,())tij)) = —  . Note that from basic optics
. J M r . W o . M )  dfi
W V M >  = Finally» we define 30 optical depth xv
by the relationship dxv = Kydz, where z is the vertical coordinate. We 
can now rewrite (2-1) as ' '
15
cos^o = . W o ’^ o** +
( 2- 2)
sy (ro,^ o,0o) / Iv(r0,<J>,*)*(<|> ,\!<0,<J),Odfi +
4 it v
We can simplify this equation still further by introducing some 
assumptions about the physical problem, which up until now has been quite 
general. We will consider a plane parallel geometry, with spatial depen­
dence on z only. In addition, we will assume that all incident light, 
and thus all light within our medium, is independent of q>. Finally, we 
will make an assumption which will not hold for the case of oriented 
scatterers such as plane snowflakes but will hold for spherical or ran­
domly oriented particles, such as ice fog crystals, and require that 
both the absorption and scattering processes in an elementary volume are 
independent of direction of incidence. This last requirement means that 
*v(r,^ jf<J»0,$»i|j) becomes a function only of z and 6, where 6 is the angle 
between the directions defined by 4*0*^ 0> and by 6 is defined by
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the spherical trigonometry relationship costi = cosi|icosi(-0+ sinij/sinip0cos(^ -<{i0). 
If we assume that our medium is in local thermodynamic equilibrium, we can 
also say that ev(r, »^ 0> * kvIgv(^(r)), where T(r) is the temperature 
in °K at r, and I is the blackbody intensity, — ^ hc^v
Bv n . hcv
(exp - 1)
(h is Planck's constant, k is the Boltzman constant, and c is the speed 
of light). Equation (2-2) then simplifies to:
cosij/0 dlv(z,i|>0)
— -----------------------I '-( 2 -*o) +
(2-3)
sv(z) | Iv(z,t^ ) $v(0)dfi + (1-s) Iflv(T(z)) .
4u
What we wish to know is not the intensity as such, but the rate at 
which the combined intensities in all directions add energy to the medium 
(or remove it). Suppose we consider a horizontal, coin shaped volume 
dV of unit area and thickness dz, with its lower surface at z = zQ.
The independence of Iv from $ assures that the net energy transfer across 
the vertical sides is zero, so we need consider only the energy transfer 
across the two horizontal faces.
We will define the monochromatic net flux, Fv as the energy transfer 
from the lower to the upper side of a horizontal unit area due to elec­
tromagnetic radiation in the wave number interval v to v + dv, divided 
by dv. The energy transfer due to the incident radiation between the 
cones defined by and  ^ , spanning a solid angle of 2n sin^d^, is
2if
(in our azimuth independent case) equal to j  (Iv(z,ij/)cosi|/sin^ di|/)d4> =
o
2TrIv(z,<»)cosij»sin\|/di|»dv (Fig. II-2). The monochromatic net flux Fy is then
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II-2 Geometry of the relationship between flux and intensity.
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given by Fv = 2tt j Iv(z,iJi)cosiJisinTj/di|/. 
o
The energy flux into the volume dV through the lower surface is then 
l| 2irIv(zo>i|T)cos^ sinij;d^ ldv and that coming in through the upper surface
r .it l
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is - 2ttIv (z0+ dz,i|<)costlisini|TdiJ;^dv. Dividing by dvdz to obtain the 
*0 ; 
energy input per unit volume per unit time per unit frequency interval,
Ev, we get
Ev " " 2u — ^ --  sin ij/cosii»diJ; = - ^
Now If we similarly integrate equation (2-3) over solid angle, we get
TT
- j 2ir sini|/0cosT|i0di//0 =» <v j 2iTsinii>o Iv(z,H»o)d*o
(2-3)
2l TT tt
- <ySy(z)2H
TT
I I V * <l*)$(6)sin<J» dto sintpdij/dif - < (l-s)I_ (T(z))4n=h o o v ov
o o o
The pair of equations (2-3) and (2-5) has the major advantage of 
being exact within the relatively non-restrictive physical limitations 
imposed during the derivation. Unfortunately, they are not practical to 
solve in any but a few, rather simple cases which are not of interest to 
us. Chandrasekhar (1950) has introduced a method of solving (2-3) by 
replacing as a continuous function of ip by a discrete series of values 
for different directions. Equation (2-3) then becomes a series of 
simultaneous linear differential equations. In a case where the absorp­
tion and scattering coefficients either do not vary or vary quite slowly 
with frequency and height, this approach might be worthwhile. But in 
a case where-these -coeff tctenta vary, significantly* with frequency (as is
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true in the water vapor and carbon dioxide infrared spectra) the require­
ments that the solutions be made at frequency intervals which are small 
compared with the interval between spectral lines makes it highly imprac­
tical to use this nearly exact solution (which only neglects polari­
zation effects). We will therefore confine ourselves to the types of 
approximate solutions known collectively as two-stream approximations. 
Chandrasekhar's multiple stream technique was based on the generalization 
of these early methods.
B. The Schuster-Schwarzschild and SPP Approximations
The two-stream approximation is the equation introduced in 1905 by 
Schuster and modified in 1906 by Schwarzschild (Chandrasekhar, 1950).
We will refer to this approximation as the Schuster-Schwarzschild equation, 
leaving the term "two-stream approximation" to refer to the more general 
family of approximations which follow Schuster and Schwarzschild in 
splitting the radiation field into upward and downward streams. Only the 
principle of the Schuster-Swarzschild equation will be of interest to 
us.
The two-stream approximation as given by Chandrasekhar (1950) may 
be obtained by considering the simplest possible case of equation (2-3), 
with no emission, no absorption and isotropic scattering. In this case 
s * 1, and ♦ » , so that (2-3) becomes
19
ir
dl\.(z,du) i
cos^o  j-i .9. * - iv(,,*o) + j I v(z , )^sinipd\p (2-6)
We are not interested in knowing the angular distribution of radiation, 
but wish to know only the vertical flux. Assume average monochromatic
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intensities I in the upward hemisphere (propagating upward from the 
lower hemisphere) and in the lower hemisphere (propagating downward 
from the upper hemisphere). Exactly what relationship these "average 
intensities” have to the true intensity distribution is never clearly 
defined). We will assume that the average propagation law is the same as 
would be observed for a ray at the average angle <p0 (cos^0 = + -y ). We 
then have the Schuster-Schwarzschild equations,
1 dly+tz) „ , , , 1 /T . „ , 1
n  . - j .
v—- - V ‘> + J (Iv + l - >
V
(2-7)
1 dl (z) 1 1
- 4 —  = - 1 (z) + 4 (i , + 1 ) = 4 (i , - 1 )2 dxv v -  ' 2 v+ v -  2 v+ v -
ii/2 TT
from which Fv = 2rrl^ + j sin^ cosi}idt|( + 2ttIv_
0 tt/2
. 1 1 simJ/cosi}idt|( + 2ttXv)_
and — — r- = - ■=• (I - jl j t t  vi - i ) = 0, As a matter of factk dz 2 v+ v- 2 v+ v-
this last result follows directly from the no absorption-no emission 
condition in the initial derivation. Obviously the restricted case 
considered by this equation is of no use in flux divergence calculations.
Schuster's original paper (1905) considered the more general case 
including absorption and emission, but with the scattered light equally 
divided between the forward and backward hemispheres. His derivation 
is as follows:
3. Let (Fig. I) SjS2 be a surface sending out the radi­
ation S, and*let this radiation after passing through 
part of the foggy atmosphere be reduced to a value A 
and fall on a thin layer of thickness dx. The effect 
of the layer is to absorb energy amounting to <Adx, and 
additionally to reduce the incident light by a quantity 
sAdx, which is not absorbed, but sent in equal amounts 
backward and forward as scattered light. If the stream
sini^cosii/dij; = tt(Iv+- 1^ )
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of radiant energy in the opposite direction is B, we have
similarly a diminution of energy equal to (k+s) B, of which,
however, _isB is sent both forward and backward as scattered 
2
light. The layer also radiates energy in both directions 
equal to tcEdx. Collecting these effects, we obtain the 
equations:
~  - k(E - A) + \  s(B - A) (i)
^  = k(B - E) + j  s(B - A) (2)
Combining (1) and (2) we find:
— B'- = U  + s)(B - A) (3)
= 2kE - <(A + B). (4)
Differentiating (3) and with the help of (4)
k(k + s)(A + B - 2E) (5)d2(A + B)
dx^
If E is constant or varies uniformly with x, the last 
equation may be integrated, and we derive:
(A + B - 2E) * Ke(tC + s)aX+ Kje"** + s)ax (6)
where K and K.^ are two constants, (Shuster, 1905).
(In Schuster's notation k is the absorption coefficient, s the
scattering coefficient, and E the blackbody emission, and o =V</(x + s)
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The idea of splitting the flux into two streams has led to many of 
the theories in use today, and is particularly attractive where the 
objective is the flux divergence in a stratified medium. However, 
there are two problems in using exactly this set of equations for our 
purposes. First, scattering from particles of sizes comparable with 
the wavelength of the radiation has a pronounced forward peak. This 
problem was considered by Sagan and Pollack (1967) and will be discussed 
below. Second, the equations are of mixed form, the absorption and 
emission being set up as intensities while the scattering is realistic 
only for fluxes. Schuster was well aware of this problem, and even 
suggested that it might be taken care of by allowing the absorption 
coefficient to vary with distance. This is essentially what Elsasser 
does, and will be covered in section C.
Sagan and Pollack (1967) introduced a two-stream equation, based 
partly on previous work by Piotrowski, which will be of considerable 
use to us. This equation, referred to by Irvine (1968) as the SPP 
(Sagan-Pollack-Piotrowski) or modified two-stream approximation, has 
three departures from the original two-stream equation. (1) The average 
value of cosij;, given as ^  in the Schuster-Schwarzschild equation, is 
corrected to Chandr&sekher's (1950) value of . (This value allows
for the weighting of cosi^  by the solid angle increment.) (2) Absorption 
is allowed for through the use of the single scattering albedo u0, which 
gives the probability that a photon interacting with a particle will be 
scattered rather than absorbed. (3) Non-isotropic scattering is 
allowed through the use of a factor 8gpp which gives the fraction of 
the scattered light scattered into the hemisphere (upper or lower) from 
which the radiation is Incident. Their equations are:
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v- o gpp
( 2- 8)
_L_ dl
dxv v- v+ o Spp v+ o SPp
IT
0
This 8 was derived from approximate analogy with a case presented by
bit
Piotrowski for which the exact solution was known.
The final equation (2-8) appears quite useful in its intended field 
of planetary physics (Irvine, 1968). However, as it stands it is unsuit­
able for flux divergence calculations, as it does not allow for emission 
by the medium. Consequently, the flux divergence as calculated from 
(2-8) would always be 4 0, as may be seen by adding the two equations 
(2-8), remembering that by definition wQ <1. It would be preferable to 
use upward and downward fluxes rather than the somewhat nebulous average 
intensities, which make the calculation of the correct form of 8gpp 
unnecessarily difficult. Finally, this equation is again accurate when 
used over a very narrow frequency interval, and the required numerical 
integration thus would require an extremely large number of steps.
In order to make use of this equation, we must combine it with 
techniques used when integrated flux divergence is the major consideration, 
and scattering may be neglected. With this in mind, let us consider 
Elsasser's (1942), and Elsasser and Culbertson's (1960) treatment of 
atmospheric fluxes.
Unlike the astrophysicists and planetary astronomers who developed 
most of the equations above, Elsasser was primarily interested in infra­
red transfer in the atmosphere of the earth. His treatment was thus
C. Elsasser Approximation
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aimed at the computation of integrated fluxes, which is what we want, 
except! that he considered only the non-scattering case, while we intend 
to include scattering. His methods of smoothing over frequency and 
handling flux transmission will be used, as well as his smoothed absorp­
tion parameters for water vapor and carbon dioxide and a good deal of 
his notation. First we will consider frequency smoothing.
One of the major problems with all of the approaches we have con­
sidered to this point is that they are valid only over frequency ranges 
within which the changes in the values of the optical properties of the 
medium are negligible. In order to obtain the integrated flux diver­
gence, a complex numerical integration over several thousand or even 
tens of thousands of frequency intervals is required after solving the 
basic equations. In practice this is not feasible. Elsasser's approach 
was to perform the integration over wave number in two steps.
It is easy enough to show that in the absence of scattering and 
emission equation (2-3) has, for a vertical beam, the solution
^ k”dz
intensity Iy, but rather an intensity > where Av is large com-
Av
pared with the line spacing in the spectral region considered, but small
compared with major changes in the blackbody intensity. We will refer to
I^v as the "smoothed" intensity to distinguish it from the monochromatic and 
integrated quantities, and use the symbol v to indicate the mean value of v
in Av. Let a beam of smoothed intensity I^v (z0) be incident at angle * from
the vertical on a non-scattering, non-radiating layer of thickness |z-z0|. We 
will then have emergent radiation
z
/ -/ kvdz sec*
T g \ Iv(z0)e *o dv t / \ /
IAV(Z) * i  ---------- 7Z-------------------- "  XAv(zo> W z»zo ’ *.>’ (2~9)
AV
where t is an as yet undefined function.
V 2> -  io We are not interested in the monochromatic
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If our initial I is well defined over Av, and if k,, is a knownvO ’ V
function of z and v, then x ( z ) is a w e l l  defined function of z,k (z),AV U
ty, Av, and even though it is no longer an exponential. Equation
(2-9) may be considered the defining equation of
Since i is well defined, we can define also an incremental Av *
absorptivity corresponding to the monochromatic real volume absorption 
coefficient, ky. The major difference between the incremental absorp­
tivity and k^ is that the incremental absorptivity depends directly on 
z as well as on the integrated absorber density. The upward intensity
at z is I. x (z,z_), and at z + Az it is I. x. (z + Az,z ). Then Avo Av ’ o ’ Avo Av o
the incremental absorptivity, defined as lim^z^ o ' * ~" ' m
can be seen to be /
l i m l -  ^ A v o F t a m ( z  A z o> ~~ TA v ( 2 >z o » ]
A^+o *Avo t a »( z  , z0)Az
Similar computations for the downward case indicate that the simplest
way to generalize this expression to both cases without a great deal of
confusion on signs is to use absolute value brackets and state that
the incremental absorptivity (corresponding to k^lmay be written as
dlniA\j 
dz *
The actual means of computation of x ^ ( z , z 0 ) will be deferred to 
the last section of this chapter. For the present it will suffice to 
point out that Elsasser considered both theoretical and experimental 
means of obtaining x^(z,z0), and presents in his more recent monograph 
(Elsasser and Culbertson, 1960) all necessary data for the computation 
of x^v due either to water vapor or to carbon dioxide, under the
din x&y 
dz
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assumption that the incident radiation is independent of wave number. 
This last assumption may be questioned, particularly in the case of 
downward atmospheric radiation where the sources are the absorbing 
gases. Indeed, this assunption may be one of the major sources of 
-error in this type of computation (see Goody, 1964), Since laboratory 
measurements are most easily made with frequency-independent sources, 
the transmissivity for a frequency-independent source is the one most 
often used for atmospheric computations. The presence of large number 
of ice crystals radiating without line structure will if anything tend 
to improve the approximation.
There is one further problem in that the path length actually 
traveled by a photon between two points in the presence of scattering 
will in general be increased over the straight-line distance. This 
will be discussed in Chapter III.
The second major point at which we find Elsasser's work helpful is 
in its treatment of the integration over solid angle. We have already 
made the assumption that Iv is independent of $, and have defined
tt/2 ir
Let
tt/2
*
2n I (z,i|i)sin\|/cos<J»d^  « F .V v+
'v
and ( 2- 10)TT
f
2n j I v(z,4>)sin \pcosipdip =»
tt/2
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The negative sign in the last equation is introduced solely to 
make Fv_ a positive quatity, as is customary in radiative transfer 
problems. Analogously, we can define
tt/2
F. . = 2tt Av+ I^v(z,tJ))sini{icosiJ/dtJ>, etc.
If we know how I (or Iy) depends on i|i at some height z, we can
find F, , at z and at z1 > z. We know Av+
s sec*>
tt/2
F&v+(z) * 2tt j IAv(z,^ )sini|/cos<|)di|/, 
o
from which
tt/2
where
» t .
. ^(z ) = 2tt \ I , (z,<j>)t, (z,z,seci^)sini|;cos^diJ; 
Av+ J Av AvF . |  ...  
tt/ 2
v ( , \ 2it ft Av^z>1^  t (zJz,seci|))siniJ»cosi|)diJ) 
P4v*<*>
= F4»+(2) T4vF
tt/ 2
tAvF(z'z) = f2" i t )  I IAv(z,l,') tAv<*»zUeci|>) sint|>cosiJidij>.
Av+ I
The above line contains the defining equation for
xAvp(zJz) which is called the flux transmissivity or slab transmissivity.
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There are two obvious possibilities for the dependence of 
F S T  °n were considered by Elsasser, The first,
mentioned only in his 1947 paper, considered the angular distribution 
of I t o  be that emitted by a thin horizontal sheet. This solution was 
not applied in practice. The second distribution, and the one actually 
used by Elsasser, was the hemi-isotropic flux, in which 1 ^  is indepen­
dent of  ^within a hemisphere and allowed to vary only as <|i passes 
through tt/2. In this case we have already shown (see equation Immediately
following (2-7)) that F _ ■  irl . and F » nl , so we havev+ v+ v- v-
tt/2
TAvF^Z,Z'^  ~  ^ j  TAv^Z*2* ’ sec^^s -^n4;Cos^ *^ (2-1 1)
If t^ ( z,z') happens to be exponential, this may be written as
2 | e z^ W Z  SeC<^ siniJ/cosiJ>diJj “ 2 j e kdz 2Ei.j(|/tkdz ).
o * 2
Ei^ (x) is called the third exponential integral, and is roughly 
equal to e”1*^ * e_*^X. (The coefficient 1.6 in Elsasser's exponent
corresponds to the /3 in the SPP approximation.) If x^ is not expo­
nential a ms&erical integration is necessary and has been carried out 
by Elsasser and Culbertson (1960) for the water vapor and carbon dioxide
transmissivities, x _(z,z') is still found to be nearly equal to 
z'
t^ v(1.6|/ kdz|). The presence of scatterers should improve this approxi- 
z
mation by making the incident radiation more nearly isotropic.
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Before leaving Elsasser there is one further point to discuss. We
1 dTAvhave derived the quantity as an analogue to kv. However, since
TAv dz
it was derived for absorption of radiation emitted from z = zQ, it is not 
Immediately apparent that it is appropriate for radiation omitted else­
where and absorbed at z = z . Let us consider a vertical beam emittedo
at z and find its intensity at zQ. We will use the incident frequency-
zo
independent case, with 1 ( jjfc <*-1 From exact
Av
, . J ,  I e”>Jkvdzidv .
Av Av J
theory, the intensity emitted by a layer of thickness Az is Iy = kvBv(T)Az 
(where T is also a function of z and Bv is the blackbody flux, "Igv, 
the transmitted intensity is |*o | and the smoothed
intensity observed at z0 is 
*o
- | f  M z l
kv e * Bv(T)Az
i f -If M 2!
~  kye * By(T(z))Azdv, From the approximate theory, the emitted 
Av ^
smoothed intensity is -—  ^  By(T)Az, and the transmitted smoothed
intensity is BV(T)At = AzBv(T(z)) ~  f kye l| k,jdz^ dv . If the
Av
Av's are small enough so that the variation of BV(T) in Av may be 
neglected, (and Av can always be chosen to fulfill this condition) the 
agreement is exact. Likewise, the absorptivity for frequency independent
radiation of a thickness Az at 2 » zn is 7—o Av
Az / . , M * l
TT? I hv(z)e 2 dv
k dv I by exact theory,
*0 , Av V Z=Z°
and
i_ / -if M*
Av ]
f kvdv \ for the 
J z - z  0
e ' dv Z"*°Zt
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approximation. The integration over angle gives no particular diffi­
culties in this regard.
Putting all this together, we come out with Elsasser's equation 
for flux transfer:
1 dtAvF
Av+
dFAv-
—  « i Fa - B. (T)
T . _ Av+ Av
AvF I «-
d2
(2- 12)
1 dTAvF 
tAvF dz
F - B (T) Av- "vVi/
s
dz
z is positive upward in both equations, and is measured from
the point at which the flux is to be computed.
We will accept Elsasser and Culbertson's (1960) linear pressure 
reduction without comment, as our primary interest is in the lower 
atmosphere and in the difference in radiative fluxes with and without 
suspended ice crystals. Since the pressure variations in the part of 
the lower atmosphere considered here are small the recent criticisms 
by Goody (1964, p. 234-236) concerning complexities of correcting for 
pressure variations do not apply in our case.
Having reviewed some of the pertinent equations in the literature, 
we are now ready to derive the equation we will use.
D. Derivation of Final Equation
Elsasser's equation (2-12) would be suitable for our use if it 
included scattering. (For some simple solutions, to be discussed in 
Chapter III, it is suitable as it stands.) The SPP equations (2-8) 
Include scattering in a manageable form, but are not in an appropriate 
form for the computation of flux divergence, as they do not include 
emission. If both these equations are considered as Improvements on
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• the original Schuster equation, and both are applied to it at once, an 
equation suitable for our purpose is obtained.
Start by defining a new quantity, 8 a 8 (v,z) the volume flux back­
scatter. This 8 is not the same as the 8gpp of equation (2-8), although 
there are some analogies. 8 is defined by the following procedure:
Let an upward flux F. . be incident upon a layer Az. An amount flF, AzAv+ A\j+
will be scattered from the incident flux F. , at such angles that it returnsAv+
to the lower hemisphere. The actual computation of 8 will be considered . 
in the next section.
A slight change in nomenclature is convenient at this point. Until 
now we have used subscripts to specify monochromatic, smoothed, or inte­
grated quantities, and whether beam or flux transmissivities were being 
considered. From this point to the final integrations over v in the next 
chapter, the subscripts will be dropped when speaking of any smoothed 
flux quantity. If the dependence on v is important for the particular 
equation under consideration, it will be written out as a functional
dependence on v. Thus Fx _ becomes F, or F,(v); t. _ becomes t or (v), etc.
Avr + + Avr
With this change of notation, Schuster’s, Elsasser's and the SPP 
equations may be combined to give
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(2-13)
These equations may be simplified by defining k. » 6+
ic(v,z,(z0)), 8 * 8/k, and dx = <dz,
Then,
dF
■j—  ® - F. + sF + (l-s)B dx + -
dF
i f  ‘ p- - sF+ - (l-s)B
(2-14)
32
By making suitable assumptions these equations are solved, and the 
solutions integrated over v, in the next chapter. This chapter concludes 
with a description of the procedures used in the computation of t and 3.
E. Computation of Coefficients
In order to use (2-14) it is necessary to know how x and 3 are 
related to the properties of an atmosphere with three absorbers— ice 
crystals, water vapor and carbon dioxide— and one scatterer, ice crystals. 
As pointed out in the first chapter, water droplets are being neglected 
in this case; in a temperate atmosphere they would also have to be con­
sidered. We will assume that stratospheric ozone contributes downward 
radiation between 9.5 and 10 microns wavelength, and has no significant 
effect outside that range, or in the troposphere.
Consider first the transmissivity of a mixture of gases, (or other 
absorbers), with absorption coefficients k^, 1^ 2 etc.
t  ■ e^  + /k2 v^)^z + /^3 v^^ zdv t in our case, with low water
Av
vapor content and low temperature, there is never more than one absorber 
in a particular spectral range Av with strong line structure. Therefore, 
in a given spectral region the variability of only one k needs to be 
considered, and terms containing the others may be considered constants 
with respect to v and taken out of the integral to give
T * V  TC02 Tlce’ and
Id, . 1 _  f!B20 + i _  + (2-15)
T dz T„ A dz T dz T. dz
H 2 O  « > 2  i c e
Both n and t  may readily be obtained from Elsasser and 
H2U C02
Culbertson (1960); the procedure used is given in Chapter IV below.
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Tice ma  ^ °bta*-ne<* *rom I^vine and Pollack (1968), who give
%
single scattering albedos (u0 in our notation, a in theirs) and extinc­
tion coefficients for ice spheres of . 3y, lu, 3y and lOy radius. These 
coefficients are probably safe to use directly for ice fog, which is 
composed largely of nearly spherical crystals of radii l-7y. For plate 
crystals or snowflakes in a crystal display, an exact treatment is 
impossible at this level of approximation and we will assume blackbody 
plates. In ice fog,
z is altitude (an), P(a) is the normalized particle size distribution 
and Q is the Mie efficiency factor for extinction. For flat plates,
WAW
2Ei^ ( ) is replaced by exp ( ). (See Chapter IV, section C.)
The derivation of the correct form for 8 is considerably more
complicated. 6 as defined in the second paragraph of section D is a
%
function of P(a), n, <*>o phase function, *(9). It is con­
venient to define the monodisperse flux backscatter, 8(a) as the fraction 
of the flux incident on a unit area scattered into the hemisphere of 
incidence by a single particle of radius a. 8 then becomes
and the problem of computing 8 reduces to that of computing the flux 
backscatter of a single particle.
The usual problems of converting from intensities to fluxes in our 
transfer equations are here Included In the coefficient 8, as 8 has 
been defined throughout as the relationship between Incident and
-3
Here a is the particle radius (cm), n is the number of particles cm ,
(2-17)
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
34
backscattered fluxes. I.avard (1960) derived a 6 similar to this one, 
but his procedure of calculation required a separate double integration 
for each size-wavelength pair used. We will use a somewhat different 
procedure which will require a final integration only over the scat­
tering angle 0.
Consider a horizontal layer of unit thickness with one spherical 
scatterer of radius <i per unit volume. We know from Hie scattering 
theory (van der Hulst, 1957) that the power scattered per unit solid 
angle at an angle 0 from the direction of an incoming beam vrith inten­
sity I is given by
I r^  = I A(0) = I Q $(0)iTa^  sea o o sea
A(0) is the scattering function and 0 = oj0Q is the Hie efficiencysea axe
factor for scattering. This equation holds for scattering by each
particle in our layer. Assune a hemi-isotropic flux, F+ incident
from below. This flux is composed of radiation of intensity I = F+/n
from all directions below the horizontal, and is incident equally on
each particle in the layer.
We will assume that this flux gives rise to a scattered flux, with
intensity I (y) at an angle y from the downward vertical. In order sea
to transform this intensity to flux, consider the power per unit area
crossing a plane parallel to our scattering layer. Assume that each
unit area of the scattering layer has one scatterer which scatters 
2
r I dfi into the angle dfi. This same cone of rays must cross the s ca
2
reference plane (Figure II-3P) giving a local flux of r I dW /sea
2
(r dfi/cosy). This must be multiplied by the fraction of the unit area
2
covered by the cone of rays, r dfl/cosy, in order to give the average
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SCATTERING LAYER
REFERENCE PLANE
t
II-3 Scattering and reference planes for computation of S.
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contribution to the flux from dii. We get dF = r I du so oursea sea
' 2
total downward scattered flux is given by F = j r I dW where theJ sea J sea
integral is over the lower hemisphere.
Consider next the computation of F . Let x be the angle betweenSCfl
the incoming ray and the vertical, and 0 be the scattering angle (Figure 
11-4). The scattering particle constitutes the origin of this coordinate 
system. We will consider five cases, each valid for a different range of 
a aivd 6* 1, 0 < 6 < | , a < | - 6. With this geometry all scattered
light is scattered upward, and there is no contribution to the flux back­
scatter. 2.- 0  < 0 < rr/2,  a > t t / 2  - 0. An amount ot radiation ( F + / t t )
2t sina dais incident from the cone at angle a, of which
A(6) 2tt sinQ d6 (F. / t t )  2tt  sina da +o
is scattered into the series of cones of scattering angle 0. (Figure II-4 
shows the incident radiation as a single ray rather than as a cone for 
the sake of clarity.) Of this scattered radiation, a fraction 'F/tt is 
scattered into the lower hemisphere. The angle * is defined in Figure 
II—4. In order to evaluate V in terms of a and 0, consider Figure II-5. 
We see from the left side of Figure II-5, drarm in the plane of the inci­
dent ray that a = r tan0, b *  r tan ( t t / 2  - a), and from the right 
side that b/a = cos V . So for this case F = cos * (tan(j - a)/tan0), 
and the contribution to the total backscattered flux is
36
2
dF * 4Fl A(0) sin0d0 cos  ^sea +o
tan(Tf/2-q)
tan6 sinada (2-18a)
3.0 = t t / 2  This is similar to the above, except V = t t / 2  for all a ,  giving
dF = 4F, A(0) sin0d0 sinada (2—18b)sea +o 2
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II-4 Solid geometry for the computation of P.
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II-5 Computation of Hf for 0 < 6 < tt/2.
H - 6  C o m p u t a t i o n  o f  7  f o r  2  < 9 <
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4 .  t t / 2  < 6 < t t ,  0 - t t / 2  < a .  The basic equations are the same as 
case 2 ,  but the derivation of ¥ is somewhat different. Following 
Figure II-6 we see that not; b = r tan (y - a), a = r tan ( t t - 0 )  , and 
cos 'V = - b/a = - tan (1r/2 - a)/tan(ir-0)
* cos- 1 j -tan('tr/2-a) 
tan(ir-8) cos
- 1
\
-cota
tan(rr-0) j *
So
dF «* 4F A(0) sin0d0cos sea o
- 1 -cota
tan(ir-0) sinada (2-18c)
5. n/2 < 0 ^  tt , a < 0  - t t / 2 .  The entire scattering cone is below the 
horizontal, so V can be set equal to the limiting value, ie y = t t ,
and dF = 4F A(0) sinSd© Trsinada. sea o (2-18d)
Utilizing the fact that the problem was defined in such a way that 
8(a) * ^sca/^ + * we can now write out the equation for 8(a) by adding
togeLner the 5 cases discussed above: 
f e v f l - z  tt/2-e
B(a) < | Od0 + r
| °  e
A(0)sin0 cos
- 1
tt/ 2 -0
tan(j - a) 
tan0 sinadad©
" / 2 + e  tt/ 2
+ j j  A(6)sin9 [ sinadadB + 
t t / 2  - e  JQ
ir-e
A(0)sin0i 
ir/2+e i
it sinada ( 2 - 1 9 )
7r2'e .  .
’
-1cos
—tt/2
-cota 
tan ( t i - 0 sinada d0 +
t
TT-
tt/ 2
ttA(0) sin0 sinadadB
Here e is a vanishingly small number used to eliminate those values of b 
from the integrals for which the argument -of the cos  ^is undefined.
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The first term, j Od0, results from the limiting value, 0= 0 ,  in 
o
f
case 1.
tt/ 2
f
Note that in the third and last terms the integral j sinada is
o
equal to 1 .
It proves convenient to rewrite the parenthesis in the fourth term
rr/2-e
by adding and subtracting I trsinada . This gives
e-7
tt/2-e 
t
irsinada -
tt/ 2 - e
( t t  - cos
e-n/2
- 1 - cota
tan(ir-0) ) sinada
( 2- 20)
The first term of this is equal at once to i t .  The part of the second
term in parentheses may be written as tt - cos 
- 1
- 1 -cota
Then cos -cota -cota
tan(Tr-0)“ i
— 7T-y f
tan(ir-0)
tan(ir-e)
= cos (iT-y) = - cos y,
+ cota -1 cota
tan(TT-0) 9 y = cos tan(TT-0)cos y
and the fourth term of (2-19) may be rewritten as
ir-e
f
j A(0)sin0 
rr/2+e
rr/2-e
cos- 1
0—tt/2
cota
tan(rr-0) sinada d0 . ( 2- 21)
Equation (2-19) now can be rewritten in the more symmetrical form 
e t t / 2 -  e i t / 2 - e  tr/2+e
6(a) = 4 Od0 + j A(0)sin0 j cos- 1  
e  t t / 2 - 0
cota
tan6 sinadad6 + y A(0)sin0d0
T T / 2 - t
Tr-e
tt/2+e
A(6)sin0
tt/2-ef
- 1 cotacos tan(TT-0)
- tt/ 2
sinada d0 + TrA(0)sin0d0.
T T - t
( 2 - 1 9 ' )
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In order to complete the Integration over a, we now need only to
tt/2-e
- 1
evaluate the integral
cot a
tan g sinada
lim i cos 
e -*• 0 f
for the two sets of values of f, g, f = tt/2 - 8, g = 6 and f = 6 - rr/2, 
g *  tt - 0 .  The first set of valuees applies for 0 < i t / 2 ,  the second
set for 6 > i t / 2 ,  Let us make the substitution t = cot a» We then have
1
sin2a
sin a = ----  » dt = - \  da, da = - sin2adt = - and
1^+t2 l+t‘
dtsin ada = -  ^. Then
• ^ 2
tt/2—t
lim f
J
e -*• 0 f
e cot(^-t)
r 2
1 cos
- 1
cos
cot a
sinada = lim 
e -► 0
t dt
tan g
cot f
tan g
■ W  J
/ cot(j - e)
lim - cos- 1
e -*• 0 ' cot f
tan g
1^+t2
( 2- 2 2 )
= - cos
- 1 cot a
tan g
tt/2
cos a
cot(ir/2-e)
r
. - lim — =—
c-KJcot f /l+t2 /tan2g-t2
dt
Evaluating the first term and making the substitution u 
the second, this becomes
cot^(Tr/2-e)
du
t2 in
*^ -u2+(tan2g - l)u + tan2g
, - 1 cot f ,, 1cos f cos  ---  - lim -r
tan g 2
e->0 cot2f
The second term may be evaluated from any standard integral table; it is
d
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and 2-22 becomes
tt/ 2 - c 
lim | cos 
e -*> 0 f
-1 cot a
tan g sinada
(2-23)
= cos f cos- 1 + 1 sln-l tan^i _ 1 sln-l -ZcotVtanV.l
tan 8 2 tan2g+l 2 tan2c + 1
For each set of f, g, we have f = t t / 2  - g, so cot f  = tan g. This 
allows simplification of Eq. 2-23 because cos" 1 (cot f/tan g) = 0, 
and sin" 1 ((-2 cot2f + tan2g - l)/tan2g + 1)) = sin" 1 (-1 ) = - it/ 2 .  
Inserting these values, (2-23) becomes 
tt/ 2—e
—1 cnt n
sinadalim
e -*• 0 £
[ -1  cos o a
tan g
1  ^- 1 tan g- 1  . tt= 7  sin  s®—  + T
2 tan2g+l 4
2
Using the fact that & 1 » - cos 2g, = - sin (■£ + 2g)
tan g^+1 2 —
3u= - sin (*2~ + 2g) etc.,
and noting that we want - tt/2 < sin" 1 4; -t ,
(2-24)
j - 1 tan R- 1sin -- 5®—
tanzg+l
= 2g - tt/2
0<g< tt/2
20 -  tt/2 O<0< tt/2
-  20 tt/2 <0<tt,
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and we have 
tt/ 2—e 
11m | cos 
e + Of
- 1 cot a
tan
1 00 sinada = .
0  < 0 < t t /2
it -  0 , tt/2 < 0 < it
( 2 - 2 5 )
(2-19') now simplifies to
f ,
3(a) e lim 4 < 
c -*■ 0
i r / 2 - e
r
0 sin0d6 + I A(0) 0sin0d6 +
c V/2-e
n / 2 + e
t t / 2  A(0)sin0d0
n-e
+
n/2+e
[  n -  ( n - e)
,(2-26)
A(0) sin6d0 +
n
TiA(0)sin0d0
n-e
A(9)0sin0d0 >
from which, referring back to (2-17),
“  TT
8 = n4 A(6,a) 0sin0 P(a)d6da. (2-27)
o o
This is the volume flux backscatter coefficient we need.
It may be noted that if isotropic scatterers are considered in
equation 2-26, we find that the backscattered flux, which in this
1 2
case is half the total scattered energy, is equal not to t  Q na ,
b  S C a
2
but rather to Q na . This result, implying as it does that the sea
scattering cross section of a sphere for fluxes is twice that for
intensities, is physically sound. A sphere of radius a exposed to
a hemi-isotropic flux F will intercept a total energy 
2n n/2
f f f 2 2
— na simjid<|>d<ti - 2F na , twice the energy which would be
o o
incident on a flat horizontal plate of the same radius. For absorption,
this is the situation that gives x (x) % t  (1.6 x). In the case of
r
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scattering, no energy is actually lost and we will consider that 
equation 2-26 as it stands provides the proper correction for the 
intensity-to-flux transfer
F. Review of Assumptions
Before attempting to solve the equations (2-14), let us review the 
assumptions made in their derivation, with special emphasis on their 
application to our particular requirements.
The validity of any two stream approximation can be questioned.
In our particular case, the goodness of the approximation depends on 
two factors: the horizontal homogeneity of that portion of the atmo­
sphere under consideration and the approach of the angular intensity 
distribution to the hemi-isotropic case. True ice fog has horizontal 
inhomogeneities ranging in scale from the eddies in single auto exhaust 
plumes through buildings and gravity waves to the thinning of the fog 
layer towards its boundaries. In general inhomogeneities lasting 
long enough to affect cooling rates have horizontal scales at least 
an order of magnitude larger than vertical scales (with the exception 
of downtown buildings) and it seems safe to assume that for computation 
of cooling over several hours the ice fog may be treated as if it were 
smeared out into a uniform horizontal layer. The true angular distri­
bution is harder to take into consideration, but the presense of 
scatterers will if anything improve the approximation over what is 
normally observed in atmosphere radiation problems. Since we are 
interested primarily in the dif ference between cases with and without 
ice crystals, it is sufficient that our approximations have at least 
the same validity as Elsasser's.
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The operation of smoothing over frequency gives rise to inaccu­
racies both in Elsasser's formulae and in our own. Unavoidable errors 
arise from the fact that smoothed transmissivities vary with source as 
well as path. The dependence of line width on pressure and temper­
ature affects the smoothed transmissivity in a manner which varies 
with the frequency range considered (Goody, 1964). Since our principal 
interest is in the lower troposphere in near-isothermal conditions 
this variation is not critical, and we will use Elsasser's -40°C 
transmissivity curves and linear pressure reduction, defining an 
effective u = (P/1013 mb) du and v => j (P/1013 mb) dv for use in place 
of u and v, where u is the amount of water vapor in cm precipitable 
water and v is the amount of CO2 in cm at STP. In addition to these 
standard difficulties, the presence of scattering will increase the 
effective vertical path length between layers. Since “j p  will not 
in general be constant with z, and since the true variation is with 
the (unknown) scattered path length rather than geometrical distance,
we do not know the correct value for ~ n-T. This situation is eased
dz
considerably by the near equality of scattering and essentially expo­
nential absorption by the ice crystals, which will become apparent 
when these quantities are calculated in Chapter IV. At frequencies 
where scattering is of overall significance variation in — will be 
small, while the presence of strong line structure, and hence non­
uniform , will be accompanied by small values of s. A partial 
correction will be considered in Chapter III.
The third major potential source of error is in the computation 
of coefficients. The optical constants of ice as given by Irvine and
45
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Pollack (1968) are probably the best available, but they are based 
on very scanty data and do not include 4>(0). Actual computation of
6 will be based on tabulated values of < cos 6 > = 2tt 
as was 6gpp» but through a somewhat improved formula.
$ (6) cos0sin0d0t
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CHAPTER III
MATHEMATICAL SOLUTIONS
Equations (2-14) are in theory solvable as they stand, but in 
practice we will need to make one further assumption about the scat­
tering layers, and divide our scattering atmosphere into N layers 
each of which has a uniform scattering ratio, s. Once this is done 
we can obtain analytical solutions for each layer. The solutions thus 
obtained may then be particularized for various cases of interest, 
and set up for computer calculation.
A. The General Solution for N Scattering Layers
In the notation of Chapter II, we have
dF.
—  = - F+ + sF_ + (1—s) B
(2-14)
dF- ,  v
* r  - F- - sf+ - a-.) b
Define G as the total energy incident on both top and bottom of 
a horizontal thin plate of unit area, and call it the total flux.
Thus G = F+ + F , whereas F «* F+- F_. First subtracting and then
adding the two equations of (2-14), we have
~  - G(l-s) + 2(1-8) B (3-la)
^  - F(l+s) (3-lb)
ax
Differentiating,
47
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Substituting from (3-1) for F, G, and ^  , we have
d2F _1_ ds dF
fa2 1-s dx dx F(l-s2) = 2(l-s) £ (3-3a)
d2G 1 ds dG
<jx2 “ 1+s dx dx - (1-s2) G = - 2(1-s2)B (3-3b)
Up until now we have assumed that s is a variable. Suppose 
instead we divide our medium into N layers and hold s constant within
Xjj, and match solutions at the layer boundaries, x is the optical depth, 
defined by dx - xdz, Its use allows considerable simplification in 
the mathematics of the problem over what would be the case if z, the 
vertical coordinate, were used as the independent variable. The 
equations for the ith layer are then
each layer. We will number our layers 1, 2.... K from the bottom up,
with scattering ratios s^ , S2»...» Sjj and lower boundaries x^t ••  • •
(3-Aa)
(3-Ab)
which have the solutions (Ford, 1955, p. 73)
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where J^, K^ , J^ , and are constants to be evaluated, and y is a 
dummy variable replacing x in the integration procedure.
Integrating the last term of the second equation by parts, we have
ft = Jt eA "si2x t Kj.
______  A
, /l-sj f /l-s/tx-y) -/l-Siz(x-y)
+ / i +Sl J e 1 - •
(3-5a)
dB  ^
d 7 d^
G± = j* + 4  e-/T:i? X + 2B(x)
(3-5b)
|e1'1“8i2<x“y>+ e“/1"Si2(x“y)) ~  dy/l-s1ij(x-xi)+ e-/l-si2(x~xi)
2N of the 4N constants in this set of equations arise from the 
differentiations between (3-1) and (3-2) and will be eliminated by 
application of (3-1). Dividing (3-la) by /1-s^  and (3-lb) by /1+e^ 
and substituting from (3-5), we have
^  + \ - B(j^) e ^ ”8iZ—ij/l-si -/I-sT^x - e i
gj - )) /I^ s
Ki/l+s1
(3-le')
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from which
- I , 1+Sj1 - S i
i ^l-s.2x. N , /Lfsi „ 
Ki = e i -i B(x^) + Ki
and we can rewrite our solution as
F - J . e ' W *  + K. i i
-/l-S^x / 1 - S j  //l-s^(x-y) - / 1 - s , 2 (x-y)
i e 1 + / i + i 7  J (e 1 _e 1
dB  ^
^ dy
(3-6a)
2B(x)
(3—6b)
x
- ] e/1-s^ (x-y) + e-A-Si2(x-y) J dB dy ^
x j  I *
The remaining 2N constants are connected by N-l equations for 
the continuity of F of the form
/1-s,2x. . —/I—8 , ^ x.T . x - o ‘ X . , „ - • ' 1 - , ‘ , _ / l- s 'i ,x- -/1-s 2 x.e i —i + e i —i = Ji_i e i-1—1 + e i-1—i
/ 1+Si.i
*i-l
(3-7a)
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and N-l equations for the continuity of G of the form
(3-7b)
/ I f f  ^ i-l—i -
r*t
( e ^ i - 1 ^  e ^ - l ^ f .  dy
The two remaining conditions for evaluation of the constants involve 
the downward flux at the top of the atmosphere, F_(xN) and the upward 
flux at the bottom, F+(xi). x^j is the value of x at the top of the 
atmosphere. The equations are
/ 1 + s n    / i + S N  _  .  ____
-  i-V
+ B(%)
*N
> * i  j
-N
l+s
1 + / p £  I
N ,
(3.7c)
\
1 - / 1 — H- jl+sN
dB
5 T dy *  F- (V
and
(3-7d)
1 “ / i 5 i  / il^ x 1 +
 e sl*l +  j ■ * e ^  sl^ l Kx + BQ^) = F+(x1>
If the lower boundary is the ground, with temperature T and
6
reflectivity r, we have also
F. (x ) « (1-r) B(T ) + r< 
+ “ 1 g
e ' ^ i l  + B(x) \
1
/1+ei1 
-1-/ 1-si /I—e2v
e 1 1-1 + K,
I / l»siz
(3-7e)
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Equations (3-6) and (3-7) will, when their solutions are integrated 
over v , give the required integrated flux. Although flux divergences 
calculated at the mathematically sharpened boundaries do not exist, 
as the flux divergence has a discontinuity at the boundary, the flux 
differences are still usable across these boundaries provided the dis­
tance over which they are taken is comparable to the true physical 
transition distance for the scattering ratio change.
The N-layer solution is a useful conceptual generalization, but 
both ice fog and ice crystal displays are, so far as we presently know, 
uniform vertically. Therefore in our particular case one scattering 
layer is adequate. Furthermore, the reflectivity of almost any surface 
except desert sand is negligible in the infrared (Griggs, 1968), and 
snow is even less reflective than normal ground. Thus, our problem 
is greatly simplified because we may set r = 0, and consider only 
one scattering layer.
Let the atmosphere have only three layers. The middle layer will 
contain scatterers and have a scattering ratio s » Sji the upper and 
lower layers will be free of scatterers, with s^ = s^ * 0. We will 
neglect the reflectivity of the ground, and assume that the downward 
radiation at the top of the atmosphere is F . Our boundary equations 
now become
B, One Scattering Layer with Frequency- 
Dependent Multiple Scattering
(3-8a)
,—3
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
53
-J, ^ 3  + k3 e~—3 . - / i j ,  . ' ^ 3  + / S t  K,
r“ 3
-J('
<WT(x3-y) +
! - 3 y Id? *> >
-2
(3-8b)
F_ = - J 3 eS 3 + B (x 3) -  j e ^3~y^ Q  d y ,
*3
(3-8c)
/l-s2x0 , „ -/l-S2Xo T Xn -Xo
J2 e -2 + K2 e —2 = Jj^ e~2 + e -*
x,
r2<
♦ j . 
il
(*2-y)_e -(52-y) d®  ^
d7 dy’
(3-8d)
q+8
l= T  ! “ J2- J, + K,
= - J e^ 2 + k e“-2
(3-8e)
-  r y *
il '
*-»> + e- & 2-y> d® .. -i-r- dy , and dy J »
e”—1 + B(Xi) - B(Tg) . (3—8£)
Subtracting (3-8b) from (3-8a) and applying (3-8c) to eliminate J3, 
and then adding (3~8d) and (3-8e) and applying (3~8f) to eliminate K^ , 
we have:
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B(x3)
3
(x--y) dB . 
e 3 j- dy dy 7
—3
■ J
h
*2
1 + /H  !e/riZ<i3-V>
dB
dy dy*
and
/ £ £  
J2>^- " ' I” 8
- J E & X ,e —■L
* 1
Combining these equations gives J2 and K2 in the following forms:
- 2
I  2    io
I /l* 5 /1-s2 (x„-x„) I /1+s -/l-s2(x3-x2)
U +  /  1-s e ~ -  | l - /  1 - s  e ,
-/l-s^x- : /l+ s
e “  1 -  /  1 -s ( B(T ) -  B U ^ j e  ( 2
f 2 •
e'-2’y) d 
i i  dy y
+ e
1+s 
1 + / 1—s
Z 3 -(y-i3> jb . 1
. e dy y
-/l-s^x-
+ e
.
r 3 '
-3 . v—2
I | /l-sz(x3-y)
1 + /1-s2 I e
+s
+ / l^  ®
-/l-s2(x„-y) td),i (3-9a)
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and i i
K2 =
/it®. 1 2 /i-s2(x^-x„) I A.+s
1 + / l-s I e - il - /l-s
ff  ) -/l-s2(x,-x)
i e _ 3 _ 2
/l-s2x-3
/XfS 
,1 + / 1-8 B(T ) - B(x.)
O *
dB
-<2e2- * i ) r 2 -<*2-y) dy
- 1
/l-s2x„ j /1+s 
+ e 1 - / l-s
f v
B(x 3)J 3 -3 . . e + | e
+ 6
*3
h
/l-s'2 (x -y)
—3
1 - /PiT
-/l-s2(x~-y)
^ d y 'dy
(3-9b)
Noting that
F+ (£2) “  |B(T ) -  BO^) 1 + B(x2) - jr~ 2 “(x9-y)•2 "  dBa? dy-
and
fJ x 3) = F_- B(x 3)
-(x3-x,) f*3 -(y-xj ,n
5 + j e f ^  + B(23) .
*3
we see that the first two terms In the second curly brackets In 
equations (3-9) arise from the physical radiative Inputs at the bounda­
ries of the scattering layer, while the third term in each case comes 
from the arbitrary selection of x^ as a lower bound in the integrals 
of (3-6), Let us write
o
C = C(s,x3-x2)
/l+sp /I—s2(x,—x,) I /1+s \2 -/l-s2(x--x?) ,
1+ / T ^ j  e ~ 3 ~2 - 1- / P J  f e ~ 3 "2
We then have
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J2 * - C V5
-/i-szx3 / it®  
1 - ✓ 1-!s | iF+(x2)-B(x2) + e
-/l-s2^ 1+s 
1 + / 1-s
(3-10s)
+s -/l-s2 (sc v-y) 
/1-s2 e +
-1 —  j /l-s2(x.,-y) 
1 + ) e dBdy dy
*2
and,
K„ = C\
srzTxJ m
e U  + / 1-s f+(x2> - B(_x2> I+ *
/l-szx2 \ i . M )
F_(x 3) - B(x^ )
-2
I/1-s2
| /l-s2(x~-y) _1__| -/l-s2 (x3-y)
1 -A -s 2 I e
(3-10b)
dB ,- j - dy
dy .
Using these expressions for J2 and K2> together with equations 3-8, 
yields the following expressions for J^ , K^ , and K3:
t . e-*2 / c *
X ,
f -<x2-y>
dB(y)
■*A
1-s
-2
/1-s2(x 3-x2) -/l-s2 ( v x j
-e (b (T )-B(x^
, -(5L-x ) r 3 -(y-x„) 
|F_-B(x3),e J J + j e J dB(y)
-3 '
x
n I /l+s i /l-s2(x,-y) j /l+s 1 -/l-s^(x3-y) 
[l + / 1-s I e ~ -|l -/ 1-s j e
* 2
dB(y)> - e(2T y)dlA
(3-1 1a)
K ^ e * 1 B(Tg) - B(xx) (3-llb)
e
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-c|l + /Ti7
1 . | -/l-s^(2x3-x2“y)
+
/l-s /l-s (^x.-y) /l-s -/l-s2(x--y) 
/ 1+s e - / 1+s e (3—lid)
This can be further simplified by observing that we can always 
add a non-absorbing, non-scattering layer with a temperature gradient
T(x )^ to 0°K (or the effective radiating temperature of stratospheric 
ozone between 9,5 and 10 u)f to allow for that gas at the top. Mathe­
matically this corresponds to defining
T(x^) a Tg and B (T(x3)) =* F_, and gives:
B(Tg) - B(x1) =0, F_ - B(x3) « 0, and
from T(Xj) to Tg at the lower boundary of the atmosphere and from
F+(x2) - B(x2) = - r 2 -(x2-y)e
- 1
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With these values substituted in (3-10) and (3-11) equation (3-6) 
should give satisfactory results for thin stratus cloud and, aside 
from the pressure reduction problem which may be handled by proper 
choice of t for cirrus clouds and contrails. In the case of ice fog, 
fog, or an ice crystal display the lowest layer is degenerate, with 
—1 * —2’ *+(—2  ^” B(*2) a 8^° becomes zero, and the constants become,
— A —8^ X
J2 3 - Ce -2
• ~ l  • f 1H
j 1 + / l-s j | e 
£3 ~2
! — —  1 /l-s2(x -y)
+ 1 1 + /l-s 2 I e 3 ~a dy dy 7
K2 - Ce
/l-s%2
1 -
f* 3 -(y-^dB
e diF +
—3
"s /l-s2(x,-y) 
e ~ 3
—2
1 - \ -/l-s2(x,-y)
1 - e dB .
. "Si J3 * * e J
fX3 -(y-x3) dB . .
e J dy, and
K3 = e±3
—3
1 + C
/ 1 + S  \ - / 1 ^ X 3 - X 2 )  | / T + S
1 - / l-s I e - 11 + / l"s
/l-s2 (x3-x2)
-(y-x3) dB , —3
r- dy + e J 
dy 7
-2
I /l-sz(y-x2) -/l-s2(y-x2)|
/l-s2 e + e ,
| J _ !  /i^(4--x2-y) J -1 ­
- 1+ /l-s2 j C e + |  l'/l-s2 C e
-/l-s^( 2x3-x2-y)
/l-s J /i-s2(x3-y) -/l-s2(x3-y)l
+  / 1 + S  e “ - e I
dB . 
—  dy dy 7
(3-12)
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Let Xg be the ground level, xg be the top of the scattering layer, 
x be the top of the atmosphere, and use subscript s for constants in 
the scattering layer and c for those in the clear air. Then we define
dB(y) +
r*s
X
-8
/l-s J /l-s2(xs-y) / /l^s 
1 + / 1+s )e + ll-/ 1+s
-/l-s2(xg-y;
IB
l^+s ^  /l-SZ(x -JC^ ) A + S |2 -/l-s2(xs-x )
■ - ( 1 - / 1-s I e g1 + / 1-s j e
and (3-13)
| / l - S 2 ( x - X  )
e “** |1 - / 1-s
-Zl-S2(Xg-Xg)
/ it®  \
1 + / l-s I
1+S \2 / l - S 2 (x  - X  )
e -*
/1+s 
1 - / 1-s
-/^■(Xg-Xg)
after which
I m
Jg 3 -c |l + / 1-s Id, and
0 - s 2 X g 1 +s 
1 - / 1-s I D
for the scattering layer, and
e~y dB(y),
K. = e I (1-2E)
fXs
dB(y) -
j 1—s _ /l—s
E + E / 1+s “ / 1+s
*8 X~g
/l-s^(xs-y) I / E l  + / S i  | -/l-s2 (xs-y)
+ 1 E - E / 1+s /1+S e dB(y)}* <3“l4>
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6  J
dFs <*FC
the final forms for Fg, , Fc and :
If we combine equations (3-13) and (3-14) with equations (3-6) we get
Fg = -D
/1+S ] /l-s2 (x-Jtg)
1 + / 1-s I e - k 1 - / 1-s /e
1+s 1 -/l-s^(x-xn)
(3-15a)
/—  + / 1+s
/l-s2(x-y) -/l-a2(x-y)
e - e I dB (y) ,
dFs / - .
= ic ( D
dz
/ -  1 + / 1-
l+£ | /‘l-S2(x-Xg)
8 / 6  *
/1+s I -/l-s2(x-x ) 
1-/ 1-s I e ” 8
+ (1-s)
/l-s2(x-y) -/l-s2(x-y)
e + e dB(y)
(3-15b
> ,
x
“ g
X
’ (x-y) - ( x - X g )
F = -c i
e dB(y) + e (1-2E) e dB(y)
*sf  s
(e + E / l
-s
1+s
/1-s 
/ 1+s
/1-S2(x-y) 
e S + /—  E-E / 1+s
+ lzs-^CKs-y) 1+s |e dB<>)
(x-y) -(x-y)
e - e dB(y) and (3-15c)
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£ c  = K 
d'z
e<X->,) dB(y) - e'<X'5s) (1 -2 E )
-(y-xJ
dB(y)
+ e
-(x-xs) '*s l-s /l-s
E + E / 1+s " / 1+s
/l-s^(xs-y)
» 7 s  ++ »E - E / 1+s / 1+3
-/l-s^Xg-y) f (x-y) -(x-y)
dB(y) + j e + e dB(y) ) .
We will now consider some of the practical details of computing these 
values.
C» Some Considerations on the Assignment of Numerical 
Values and Setting up the Computer Program
Up until now we have left both the zero level for x and the initial 
level for the computation of t  undefined. It is evident from equation 
(3—15) that the zero level of x has no significance, as only differences 
in x appear in the final equations. The level from which t is computed 
will, on the other hand, have a definite effect on the value of and 
hence on dx, especially in those regions of the spectrum where line 
structure is strong and t deviates considerably from an exponential. 
k is of course computed as close as possible to the level at which the 
flux divergence is wanted. There are several ways of evaluating a term 
-/l-85(x2-x1)
such as e * x 2 > may compute x2 - x^, using the level
at which the flux is to be computed as the zero level for computing x,
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or we may use x2 or x^ as the zero level for computing t. We may also 
observe that
“ ,Z 2- / l - s 2(x2~x1)
= exp(-/l-s^
f
dlnx
dz
\
+ 8 dz = exp - / l-s dint
If x is measured from z0, z2 > zQ > z^,this is
exp
1+s
- / l-s |dlnx|dzj= (xtzcZj)
- 1+s
/ l^T
The extension to the
positive exponential or to cases where z0 is outside the range of z2 to 
z^  is obvious.
In all these cases we need a way of evaluating s. In those cases 
where z, the level at which the flux is to be computed, is used as the 
base level for computation of x, the logical procedure is to take
,?s
dlnx
dz
+ 6 dz =
" 2 ,g
f2s
1 dlnx
l-s dz
k
dz
from which it follows that ,zs \
s =1
z
-g
gdZj (zs, z)x (z,Zg) +
'S
Bdz z<zfi,
“ Sg
and
-Zo
8dz^-ln(i(z,zg)/T(zs,z)! + | gdz) 
J %  '
(3-16)
Z*tc
If the computation is made with transmissivity measured from Zg or zg, 
we have
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The first method is more nearly accurate; the second has the advantage
that s is the same for all computational heights, varying only with
f requency. ___
/l-si(x2~x1)
Considering the number of times e , etc, appear in our
equations, it is of considerable interest to determine how much error 
would be introduced by computing these quantities once and for all in 
each frequency interval for each sounding. As a check, suppose we 
compare the values we get, neglecting scattering, in a relatively non­
exponential absorption region. VJe will use the carbon dioxide band at 
about 14.3 u  wavelength (700 cm and consider how i ( z s , Z g )  differs 
from T ( z s , z ) T ( z , ^ g )  for z g  > z > Z g  and from T ( z , Z g ) / r ( z , z s )  for 
z > zs > Zg. Assume the carbon dioxide content of the air is .03% by 
volume in which case v will be about .03 cm/m. If zs = 10 m and Zg = 0 
we have from Elsasser and Culbertson (1960) T(zs,zg) * .49, If we 
let z vary we get T ( z s , z g )  = .35 for z“5, and t = . 5 2  for z-100, It appears 
advisable to compute t  (and s) from z  for each level considered, especi­
ally as the numbers obtained are often subtracted from numbers of 
comparable magnitude. Another consideration is that in the course of
manipulating exponentials in the derivation we may have formed terms 
(x-x.j) -(x-j-xi) -(xj-x)
of the form e e where the physical meaning is e .
If the x's are all calculated from z the resulting t's will not be
affected by this type of manipulation.
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Returning to (3-13) and (3-15) we find three basic types of 
term in algebraic combination. The first and simplest family is an 
assortment of irrational algebraic functions of s. These should give 
no difficulty to a computer. The second group of terms is of the form 
± /1-s2(x2~x^ )
, which we have already shown to be equal to
1-t(z2,z)J
/1+s /L+s
+»1—s +rl—s
The plus and minus signs in the exponent^(z.Zj^)
of t depend on the relative magnitude of z2, z, and z^  as well as on
the sign of the original exponent of e.
In the scattering layers, s^O and we have already discussed the
dJ-tlT
inaccuracy in our basic equations from the effect of scattering on ■ ^
at a fixed distance. In this connection it is interesting to note that
if t were an exponential, the effective transmissivities as defined
above are the same as would be obtained by lengthening each dz to 
/1+s
/ 1-s dz . It seems logical to assume that this mathematical lengthening
reflects the physical lengthening of the path by scattering. We will
adopt this viewpoint and replace /5+s
+/ l-s
t(z2,z)
by ts(z2,z) with the understanding that values of Au and Av in the
scattering layer, as well as the number densities of ice crystals used
in computing ts, will be multiplied by before computing
t(H70)t(C0») and t (ice).________________________ __
X2 +/l-s2(y-x9)
/
The third set of terms is of the form + | e dB °
*1
f*2 ± 1  ± 1
+ j Ts (y,z0) Tg (z ,z ) dB(y), each of which will require a
21
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numerical integration. (Mote that we continue to use y as a dummy 
variable, although it now stands for z instead of x.) As a further bit 
of shorthand, write ts(zi) for ts(z,zi) where z is the height of 
computation.
In order to compute flux divergences directly, we will also need
to know k very near the point of computation. This will be further
discussed in Chapter IV.
The t values are to be computed from the value of z at which the s
flux and/or flux divergence is desired. The following expressions may
dFc
be written for D, E, Fg, — _ , Fc and
dz
dF,
dz
,<y*
Ts <2s>
r-.dB(y) +
/ E E  ] / E s )
1+Q +s !+ i  -  /  i+s I ts g s)ts
*s( V Ts(y)
(y) dB(y)
*9
%zi. I Ts (y)
1 + 1+s |-~ .■ + II-/ 1+s I
/s !ts (5s>
TS(y)
dB(y)
I 1 + / l-s
l£ =
/l+s \ 2
r1 - /  l-s j t s ( 0 ) t s ( z s )
TS(*S> I
Ts<£g> -ll
/ 1+s 
- /  l-s T s ( Z c )
, , / n r
Ts^2s) I
T s ( Z g )  - U . / B
2 Ts(^ E) 
T S ( Z S )
Ts(°)Ts(zs)
(3-17a)
(3-17b)
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+ / f
.-s
1+s
/—-- « K \
dz
X
Ts(y) " Ts(y) dSv(y) ,
1
/ /1+S 1 m ]
- 11 + / 1-s
1
ts(0) -
\
1 - / 1-S 1 Ts (0)_
' f
+ (1-s) Ts(y) + T (y) dBv(y)) ,
(3—17d)
z
■ 1_
z
• ' ,
Ts(y) dB(y) - Ts (y) dBv(y) + t(zs ) (1-2E)
1 i * itmzts(y)
Ts ^ s)Ts(y)dBv<y>
is
j 1-s ’Xa(zs) . [ 1-S . 1-s Ug(y)
IE + E / 1+s “ / 1+s Ts (y) |E-E / 1+s / 1+s 1T8( i 8j dB (y)
0 I I _
t s (y)
- T,i(y) dBv(y), and
(3-17e)
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£s
dz
= < < -J r  x
* s ( y )
dB(y) - ts(y) dB(y) - t(zs)(1-2E) ts(zh>
Ts(y>L  
zs
dB(y)
z
f \ z r r s
Ts(zs)Ts(y)dB(y)
z
+ t(z )
5 J 
<)
E + E / 1+s " / 1+s | Ts(y)
1-S 1-S T,(y)
E-E ✓ 1+S ✓ 1+8 I Ts(Sg) dB(y) + Ts (y) + T8 (y) dB(y)>. (3—17f )
By carrying out all the multiplications and defining a new pair 
of constants,
1A'
(1 +  /l-e*)- (1 -  /1- s 2 ) t | ( 0 ) t 2 ( z s )
A"
(1 r  *^ l-s2) - (1 - /1-S^ )
and C’ * A" s ( t * ( z  )  -  t ^ ( 0 ) )  ,s s s'
it becomes possible to write
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Fs - A' <-
i
(
' f E ±  _ / m  i '
T2(0) I s/ 1+S ” (1-S-/ 1+S / t|(zs) T > )  dB(y)
(1-
/h V  a ~s
- S  + / 1+sy s/ 1+S T2(ze)S' S' Ts(y)dB(y)
T«(zS)
/IsS. +|
/ 1+s [l-s -»
' 1—s 
1+S 1 T2(0)| Ts(y) dB(y) ( 3 - 1 7 C 1)
/1-S /1-s
1-S+/ 1+s s/ 1+S t|(0)
( 1 - S + / 1 - S 2 )  -  ( 1 - s - / l - S 7 )  T 2 ( 0 )
, ZS
Tg(y)dB(y)
xs(y)dB(y) ,
dFS /
-j-2- = A'<( 
dz
s
\Ts(0) s (1—s )—(1—S—(1‘-s)/1-s2)t2(zs)9
.. z
1
ot*
+ [(1-s+(1-s)/1-s2)-s(1-s)t|(zs) 
fZS
t (y)dB(y)-x2(zs)
r s iy )
s (1-s) - ( 1-ML-8)£^)t 2(0)
8
(l-s+(l-s)/l-s2)-s(l-s)r2(0) xg(y)dB(y)
\
■     ^ a
1—s2+(l-s)/l—s2 + (l-s2-(1-s)/l-s2) x|(0) I Ts(y)dB(y) \ ,
F * A"t2(0)(1-s-/l-s2) c s Ts(y)
dB(y)
,Zs
- A"(l-s+/i^) ts(y)dB(y)
( 3 - n d 1)
(J-Ue1)
+ c
xs(y)
dB(y) - Ts(y)dB(y) - (1-C) xg(y)dB(y)
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+ A" (1-s+Zl-s2)
r S. •
Te(y)dB(y) - C
> > tw  dB(y) + , tg(y)dB(y)
- (1+C) t  (y)dB(y)
S
Although we will not go deeply into the actual computer work until 
Chapter V, we can already make some statements about general strategy. 
The first step is to provide the computer with a subroutine for evalu­
ating x ^ )  when it is given the wave number, v, the height, z, at 
which the flux is to be computed and the water vapor, carbon dioxide 
and ice crystal concentrations as functions of height; and ts(zi) if 
it is given s in addition. A second subroutine would allow computation 
of s from t, A third subroutine should be written for the computation o
, 2
ts(z2> \ w ±ldB dy dy, or rather of
fjR
Ts (y)“ ^  ** as the
first factor may always be taken outside the integral. Once this is 
done the smoothed fluxes become algegraic functions and the integrated 
fluxes merely require adding the resulting smoothed fluxes, with appro­
priate wave number interval weighting. He now have an equation which 
includes both absorption and scattering by ice crystals and gases.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
1 )
D. The Non-scattering Case
Suppose we knov; very little about the scattering properties of the 
crystals, as is the case in an ice crystal display. Then an elaborate 
computation to determine the effects of scattering is hardly justified, 
and we may just as well let s = 0. If we do this vTe have
fXc r i
e-(y-*s> i| dy|e"(V x)J- e- < V x> e (*s"y)
SL
dB
dy dy
x
“g (3-18a)
x
-g
and
dB , - x-y dB-  dy = - ] e < y| -  dy * - t \ &  AT(z»zo) dz dz’
XS
3-(y-xs) dB e(x-xs). 
' dy
e <y-x) |  dy +
x
e(x"y)-e~(x~y)
(3-18b)
t(z,z0) £  dz = Fs
^g
which may also be readily derived from Elsasser and Culbertson's (1960) 
equation 78. The expression for Fg = Fc may be used in its present form, 
with integration over z and v. If we make the further assumption that 
the ice particles behave as gray bodies in the infrared, we have
T(i)
t = t(ice)T(H20)T(C02) andFj = - t(ice)
dB
t(H20)t(C02) ^  dvdT
I(V
The integral over v is now identical to Elsasser*s, and we can use his
f dBv
tabulated values for R = j (l-t(v))dv in evaluating it. The
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Elsasser integral will actually be used in the computations for ice 
crystal displays, and it is convenient to consider here the carbon 
dioxide-water vapor overlap correction.
We have assumed throughout and will continue to assume that the 
smoothed transmissivity of a mixture of absorbers is equal to the pro­
duct of the smoothed transmissivities of the individual absorbers. 
(This is the same approximation used by Elsasser and Culbertson (1960) 
and Yamamoto (1952) in correcting for the water vapor-carbon dioxide 
overlap.) Then for the black-crystal case, we have 
T(z) oo
F = - t(ice)
n h )
dBt(H20)t(C02) ^  dv dT 
Considering only the integral over v,
(3-19)
dBt(H20)t(C02) ~  dv = - dB a j.a f du +
dB
dT
(1-t(H20)t(C02)) dv (3-20)
The range of v may be divided into four regions. In region 1, there is 
no absorption by either water or carbon dioxide. Water alone absorbs 
in region 2, carbon dioxide alone absorbs in region 3 and both gases 
absorb in region 4. The second integral on the right of (3-20) may then 
be written as
dB
^  (1—r(H20)t(C02))dv * §  (l-l)dv + (1-t(H20)) dv
(3-21)
|| (1-t(C02)) dv + dB^  (l-r(H20)T(C02))dv.
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Elsasser's tabulated values are
dB
^oO * dT + || (l-t(H20))dv,
"c°2 ” , —  (l-T(C02))dv + H  (l-T(C02))dv,
A\  0 = ^  T(H20)(l-i(C02))dv
(3-22)
and
A'R,c °2 ~ .
dB
~  T(C02)(l-T(H20))dv
Using (3-22), (3-21) may be rewritten
'h2o
dB
^  (l-T(H20))dv + Rcq
2
dB
^  (l-T(C02))dv + dB^(l-TO^HGO^dv
V o  + RCOi
dB
(l-T(H20)-x(C02)+x(H20)T(C02))dv
4
V  + rco2 ■
dBg  (l-x(H20))(l-x(C02))dv
^ O  + RC02 §  ( 1- (>23)
Now in checking the wave numbers used by Elsasser to determine the limits 
of the various Integrals, it becomes apparent that his region 4, from 
540 cm  ^to 820 cm  ^includes the entire region for which he gives values
of x(C02) and is thus equal to region 3 plus region 4. So region 3 is
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degenerate and
CO-i
dB ,
(1“T (C'C'2)) dv
Also
^  dB 3 7 3
dT = dT = = x 10 T from which, with (3-23)
and (3-19), 
T£)
T ,F = ice
T(z > “ 8
\ o  -  4Rh20 - 4-678* 10"7t3 (3-24)
One further correction is necessary. Elsasser's AR^   ^which \;e 
will designate as A’R^q was computed for a constant T = +20°C.
Our computations will be made for much lower values of T. The appro­
priate values of ■—  from Elsasser and Culberson's (1960) table 1 are 
given in table III-l. The correction of Elsasser*s tabulation so that 
it applies to a temperature T is made by observing that
rV2
dB
dT (T)T(H20)(l-x(C02))dv
(T)
dT ~  (20°) T(H20)(l-T(C02))dv
V1
dB
dT (20°)
* 1 m  
$  (20-)
AR^ q, where v is some value of v betseen and V2<
dBFurthermore, from table III-l varies only slightly with v whiledT
t(H20)(1-t(C02)) varies by orders of magnitude. The major contribution
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to the integral v/ill then be in the narrov; peak of t (l^ O) (1-t (C0«
■ -1 * in the neighborhood of 680 cm , and the appropriate value of v
be near this.
dB
dT (T)
dB
dT (20°)|
- .64 for T = -40°C;
- 1680 cm
705 for T = -30°C and .77 for T * -20°C.
To a good approximation, we can write at least for the range 
-45°C < T < -15°C
ARn = (.90 + .0065T(oC))A'RH20 
As Elsasser uses units of cal cm d^ay
T(z)
F - A  2 ice
T(0)
-7.
R11 o " (.90 + ,0065T)A*Ru u-4.678 x 10 T dT in
cal cm ^(12 hr)
Table III-l.
A t -40 -30 -20 +20
560 6763 7240 7694 9290
600 6865 7411 7937 9820
640 6866 7478 8073 10242
680 6778 7449 8107 10555
720 6612 7333 8047 10760
760 6379 7141 7904 10860
800 6094 6887 7688 10861
will
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CHAPTER IV
PHYSICAL SITUATIONS OF INTEREST
We will examine typical soundings simulating conditions at varying 
times during an ice fog event and consider how the flux divergence and 
cooling rates vary with such parameters as the complexity of the equa­
tions used, the fog height, crystal number density and crystal size 
distribution. This chapter will be concerned with specifying the sound­
ings to be used, and determining the numerical values for most of the 
coefficients in the flux equations. The actual application of computer
techniques, and discussion of the possible significance of the results, 
will be reserved for chapters V and VI.
A. The Meteorological Situation
A typical ice fog event is preceded by cloud cover and cold air 
advection aloft. As the air above about 900 mb becomes colder and 
dryer, the cloud cover thins until it is visually transparent. The 
air near the ground is now free to cool radiatively. As it cools, 
the moisture initially present forms numerous tiny (25u - 100p) ice 
crystals, or in some cases snowflakes. These crystals fall out very 
slowly, and during their period of semi-suspension they are effective 
radiators, collecting heat from the air by conduction and radiating 
it away. Gotaas and Benson (1965) studied this effect but did not 
take into account the radiation exchanged among the crystals.
As the crystals fall out, radiative cooling directly from the 
snow surface becomes increasingly important, and a steep surface
75
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inversion develops. The cold air layer produced will drain fror.. 
higher to lower-lying areas, at first thickening the cold air layer 
in the valley bottoms, but later flowing across the tops of the low 
lying pools of intensely cold air. Wind speeds are generally less than 
2 ra sec 1 in the lowlands, although hilltop stations (such as Birch Hill, 
200 m above the flats) normally record measureable to strong winds 
(20 m sec throughout an ice fog event. On the slopes, katabatic 
flow may be of considerable importance. In the densely inhabited 
valley bottom of the Chena-Tanana confluence (Fairbanks), the water 
vapor produced by heating and power plants and by automobiles becomes 
trapped in the cold, stagnant layer of air near the ground. The satu­
ration vapor pressure of ice is rapidly exceeded, and fog normally 
becomes visible in downtown Fairbanks at in-town ground temperatures 
of around -30°C. Temperatures usually continue to drop, and the ice 
fog continues to thicken (Benson, 1965} Benson and Rogers, 1965). The 
fog crystals are now participating in the radiative exchange.
While surface temperatures are decreasing and ice fog is forming, 
the continuing cold air advection aloft is being increasingly balanced 
by warming due to subsidence (Bowling et al«, 1968). In most cases, 
the temperature of the warmest air aloft begins to increase from mini­
mum values near or below -30°Cwithin 24 hours after the sky clears. 
During the time temperatures at the ground are at their lowest level 
(-40°to -50pc)»the air aloft may have warmed up to temperatures near 
or even above -20°C. However, this relatively warm air will also be 
quite dry, and will thus remain fairly transparent except in the carbon 
dioxide band. Radiosonde humidities usually range from 15% to 60% in 
the warm layer.
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Eventually the combination of cold advection and subsidence 
warming is replaced by advection of warm, moist air, and a dense cloud 
cover returns to the area. Back radiation from the clouds causes 
rapid warming at ground level, and the fog evaporates.
The radiative balance under thick clouds can be determined by 
using conventional flux computation techniques with the cloud layer 
considered as a block body at the temperature of its lower boundary. 
From the time the cloud cover thins to infrared semi-transparency to 
just before the advection of fresh dense clouds, the presence of ice 
crystal displays and/or ice fog requires the use of a treatment of the 
type developed in the preceding chapter. These are the situations 
to be examined.
The first subject will be the initial cooling in the presence of 
suspended ice crystals or light snow, as studied by Gotaas and Benson 
(1965). Since the majority of the crystals in these displays are 
neither spherical nor randomly oriented, the use of Hie theory is not 
justified and only black crystals will be considered. The exact 
numbers to be used are considered in the sections B and C of this 
chapter.
The second subject will be ice fog, in which the crystals are 
nearly spherical and randomly oriented, and Mie scattering must 
be considered.
Ice fog occurs under a succession of conditions, of which we 
will consider the two extremes. The formation of a sounding typical 
of the onset of ice fog, with cold, relatively moist air aloft, 
together with the terminal phase of an ice fog event, with relatively
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warn but dry air aloft,will be considered in section L. Available 
experimental data will be discussed in section E. The transition from 
flux divergence to temperature change, as well as energy transfer 
processes other than radiation,will be discussed in section F.
B. The Absorbing Gases
l/ater vapor, carbon dioxide and ozone, in that order, are the 
significant infrared absorbers in most lower atmospheric work. In 
the case of ice fog and ice crystal displays the total atmospheric 
precipitable water is extremely small (under 2 mm in most of the cases 
considered here and at the temperatures involved the peak of the 
blackbody curve approaches the CO2 15y band, CO2 thus becomes a 
significant absorber, while water vapor becomes much less important 
than it is in more temperate climates. Tropospheric ozone will be 
neglected, but the radiation from stratospheric ozone approximates the 
blackbody curve for -40°C in the 10vi region (llurcray 1963), and will 
be considered in computing the downward flux from the stratosphere.
Elsasser and Culbertson’s (1960) figures for the transmissivities 
of water vapor and carbon dioxide will be used, Elsasser (1942) 
observed that although the values of the smoothed transmissivity for 
a given optical thickness of absorbing gas varied by orders of magni­
tude with changing wave number, the shapes of the curves of trans­
missivity versus optical thickness remained remarkably consistent for 
any given gas. In fact, in a transmissivity versus log-optical thick­
ness (log u) plot, the curves could be brought into near agreement
by shifting them along the I03 u axis.* This fact suggested the 
*Note "log" is used for base 10 logarithms; the alternate In notation 
is used for base e logarithms.
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definition of a generalized absorption coefficient, L (=L(v)) such 
that log L gives the necessary shift along the log u axis for overlap 
of the various transmissivity curves. It is then possible to define 
the flux transmissivity t as a function of a single variable, 
t(log L + log u). Thus, instead of tabulating t as a two dimensional 
array of optical thickness and wave mother, we may tabulate the two 
one dimensional functions log L(v) and x(log L + log u).
Elsasser and Culbertson (1960) present tabulations of xp (our t) 
for water vapor and carbon dioxide which are reproduced in Tables IV-1 
and IV-2.
Table IV-1 
Water Vapor Flux Transmissivity
x(log L^o + log u)
-4 -3 -2 - 1 0 1
0.0 95.22 83.04 54.52 15.54 0.45
0 .1 94.39 81.09 50.67 12.45 0.19
0.2 93.50 78.95 46.71 9.73 0
0.3 99.32 92.55 76.61 42.67 7.41
0.4 98.98 91.53 74.06 38.59 5.50
0.5 98.54 90.42 71.30 34.50 3.98
0.6 98.01 89,21 68.33 30.44 2.81
0.7 97.40 87.88 65.15 26.46 1.93
0.8 96.73 86.42 61.78 22.61 1.28
0.9 96.00 84.81 58.23 18.95 0.80
1.0 95.22 83.04 54.52 15.54 0.45
Their tables of log L are all valid for T = +20C; however, they give 
curves for +20C, -10C, -40C and -70C. Their curves for water vapor 
and carbon dioxide were scaled for -40C, and the results are given in 
Table IV-3. Since the flux transmissivity for the entire depth of the 
wettest atmosphere considered here will be unity over most of the
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Table IV-2
Carbon Dioxide Flux Transmissivity
T(1°e LC02 + 108 v)
-6 -5 -4 -3 -2 - 1 0 1
0.0 99.52 96.62 90.24 77.93 53.83 20.67 2.1?
0 .1 99.37 96.15 89.35 76.14 50.69 17.73 1.63
0.2 99.18 95.65 88.40 74.22 47.46 15.00 1.23
0.3 98.97 95.12 87.39 72.17 44.13 12.51 0.94
0.4 98.72 94.55 86.30 69.97 40.74 10.28 0.73
0.5 98.45 93.94 85.14 67.64 37.31 8.30 0.57
0.6 98.14 93.29 83.90 65.15 33.07 6.58 0.43
0.7 97.81 92.60 82.57 62.53 30.44 5.12 0.31
0.0 99.74 97.44 91.86 81.13 59.76 27.07 3.91 0.19
0.9 99.65 97.04 91.08 79.59 56.86 23.80 2.94 0 .10
1.0 99.52 96.62 90.24 77.93 53.83 20.67 2.19 0.02
water vapor window, the water vapor coefficients in this region have 
been approximated by putting a lower limit of -4 on log L. (This makes 
t * 1, see Table IV-1.) In order to give the values in these tables 
more meaning, Figure IV-1 shows the absorption curves (1-t) for the full 
height of a rather wet ice fog atmosphere.
As mentioned during the derivation of equations for the scattering 
case, the upper boundary for these equations can be controlled most 
easily by an artificial extension of the sounding above the stratosphere 
to 0eK without absorbers for all except the ozone band. The ozone 
band will be considered to cover the wave number intervals centered at 
1000 cm * and 1040 cm \  and our soundings in these intervals will be 
extended to -40C.
The downward flux from the stratosphere provides some information 
on the significance of various spectral regions for ice crystal 
radiation. Since most of the ice fog and ice crystal soundings con­
sidered will have tropopause heights below 300 mb and tropopause
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Generalized Absorption Coefficients for T = -40°C 
Values in Parentheses are Interpolated;
Others are Scaled from Elsasser and Culbertson (1960)
Table IV-3
I V dv X (microns) L0* LH20 Lo8 Lc<
1 10 20 1000 .35 + 1 -10
2 40 40 250 .15 + 2 -10
3 80 40 125 .53 + 2 -10
4 120 40 83.3 .73 + 2 -10
5 160 40 62.5 .70 + 2 -10
6 200 40 50.0 .60 + 2 -10
7 240 40 41.7 .42 + 2 -10
8 280 40 35.7 .13 + 2 -10
9 320 40 31.2 .80 + 1 -10
10 360 40 27.8 .35 + 1 -10
11 400 40 25.0 + 1 -10
12 440 40 22.71 .54 -10
13 480 40 20.81 .10 -10
14 520 40 19.25 .61-1 -7
15 560 25 17.85 .15-1 .67-6
16 570 10 17.55 (.02-1) .0-5
17 580 10 17.25 (.90-2) .84-5
18 590 10 16.95 (.77-2) .68-4
19 600 10 16.65 .65-2 .50-3
20 610 10 16.40 (.50-2) .11-2
21 620 10 16.12 (.35-2) .80-2
22 630 10 15.88 (.20-2) .38-1
23 640 10 15.61 .05-2 .79-1
24 650 10 15.39 (.90-3) .25
25 660 10 15.15 (.75-3) .45
26 670 10 14.91 (.60-3) .52
27 680 10 14.70 .46-3 .41
28 690 10 14.50 (.30-3) 0
29 700 10 14.30 (.14-3) .64-1
30 710 10 14.09 (.98-4) .22-1
31 720 10 13.89 .83-4 .70-2
32 730 10 13.70 (.66-4) .19-2
33 740 10 13.51 (.49-4) .70-3
34 750 10 13.32 (.32-4) .18-3
35 760 10 13.16 .15-4 .57-4
36 770 10 12.99 -4 -4
37 780 10 12.82 -4 .44-5
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Table IV-3 (Continued)
Generalized Absorption Coefficients for T = -A0°C 
Values in Parentheses are Interpolated;
Others are Scaled from Elsasser and Culbertson (1960)
I V du A (microns) Log lh20 Log LC02
38 790 10 12.66 -A .75-6
39 800 10 12.50 -A .18-6
AO 810 15 12.33 -A .25-7
A1 8A0 A0 11.90 -A -10
A2 880 A0 11.37 -A -10
A3 920 A0 10.87 -A -10
AA 960 A0 10. AO -A -10
A5 1000 A0 10.00 -A -10
A6 10A0 A0 9.61 -A -10
A7 1080 A0 9.26 -A -10
A8 1120 AO 8.93 .09-A -10
A9 1160 AO 8.62 .85-A -10
50 1200 AO 8.33 .55-3 -10
51 12 A0 AO 8.06 • AO-2 -10
52 1280 AO 7.81 .21-1 -10
53 1320 AO 7.57 0 -10
5A 1360 AO 7.35 .59 -10
55 1A00 AO 7.1A .15+1 -10
56 1AA0 AO 6.9A .62+1 -10
57 1A80 AO 6.75 .07+2 -10
58 1520 AO 6.58 .52+2 -10
59 1560 AO 6.A1 .15+2 -10
60 1600 120 6.25 .65+1 -10
61 1800 200 5.55 .32+1 -10
62 2000 200 5.00 .10-1 -10
63 2200 200 A.5A . 25—A -10
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IV-1 Absorption by a saturated atmosphere with temperatures typical of to
ice fog. Solid curve is for the entire atmosphere with total precipitable
water 0.2 cm and total carbon dioxide 240 cm at STP; dashed curve for
a 50 m layer ice-saturated at 1013 mb and -40°C. Both refer to right
hand scale. The blackbody curve at -40°C is shaded for reference (left
hand scale).
temperatures around -55°C, we will for the purposes of estimating the 
stratospheric contribution consider the stratosphere above 300 mb to 
be an isothermal layer extending to 50 mb and having a temperature of 
-55°C (218°K).
The water vapor content of the stratosphere is difficult to esti­
mate, and has been the subject of some controversy (Kurcray et al,, 
1966; Houghton, 1966). Furthermore, none of the measurements alluded 
to have been made in a winter subpolar or polar atmosphere. The ice 
saturated case gives an upper limit to the mixing ratio of 4.3 x 10  ^
x (300/P) g/g*(P = pressure in millibars). Houghton (1966) suggests 
a constant mixing ratio of 2 x 10  ^8/g» while Murcray et al. (1966) 
give values varying with height and ranging from 10  ^to 10  ^g/g.
Pick and Houghton (1969) give 3 x 10  ^g/g, while Kuhn et al. (1969)
emphasize the variability of stratospheric water vapor with time and
-4 -6
place. Kuhn and London (1969) use extreme values of 10 and 10 g/g
in the 30-110 km region. On the basis of the available data, we will
use a value of 4 x 10  ^g/g for the winter arctic case corresponding
to about 10% relative humidity over ice at the tropopause, and obtain
-4
an error estimate by computing a few points for mixing ratios of 10 
and 10  ^g/g. Elsasser's linear pressure reduction has been used. The
reduced optical depths of water vapor for the central and extreme
-4 -3 -5mixing ratios are then 1.8 x 10 cm, 4.4 x 10 cm and 4,4 x 10 cm.
The corresponding reduced value for carbon dioxide is 10.6 cm (STP).
The transmissivity of the stratosphere is given by 1 (^0)1 (002); 
the corresponding emissivity (= absorptivity) is l-^^O^tCOj) and the 
emitted flux intensity is given by |bv(2180k)J j\-T(H20)T(C02)j. The 
♦Mixing ratios are expressed in g ^o/g air. " ""
"4
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results of these calculations for the 63 wave number Intervals of 
Table IV-3 are given in Table IV-4. The resulting fLux is sho\/n in 
Figure IV-2. It is apparent that back radiation in the carbon dioxide 
and ozone bands will effectively cancel tropospheric radiation, while 
the windows on both sides of the carbon dioxide band will be of con­
siderable importance in considering radiation to space from the 
troposphere.
Finally, it is necessary to consider the influences of water vapor 
and carbon dioxide on k ,  the extinction coefficient needed for compu­
tation of the flux divergence in the ice fog case. By definition
< = dim + 6 » dlnx(H?0) + dlnxCCOp) + ii£— -t(icq)
dz dz dz dz
Considering first the vater vapor contribution, and letting t = xO^O),
1 dx 2 x(z2)-t(zj)
x dz * x(z2>+t(z1) z2"zl •
x(z’) was defined in Chapter III as a shorthand notation for xg (z,z'), 
where z is the height at which the flux is to be computed. This is 
also the height at which the derivative is to be evaluated. Setting 
= z and z^  = z + Az, we have
dlnr
dz
 2_______  x(z)-x(z+Az)
x(z)+x(z+Az) [Az|
Now if z’ = z, t ( z ' )  = Tg(z,z), which, as the transmissivity of a 
layer of zero thickness, equals unity. In order to make Az as small as 
possible, t ( z +Az ) should be the first value in Table IV-1 which differs 
from 1. (This happens to be .9932, for log u + log Lj^o = -4 + .3).
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Table IV-4 Downward Flux at 300 mb
V t (50 mb - 300 mb)
cal/cm^  day cm 3 
(1-t)BV
cal/cm^  day 
(1-t)B dV V
10 .8921 1.20 x 10"* 2.4 x 10*3 ■
40 .7406 4.17 x 10, 1.67 x 10, !
80 .6245 2.09 x 10, 8.36 x 10" 1 !
120 .5526 4.83 x 10", 1.93
160 .5637 7.00 x 10", 2.80
200 .60 8.72 x 10, 3.49
240 .6610 9.03 x 10, 9.03
280 .7457 7.70 x 10, 3.08
320 .8207 6.00 x 1 0 , 2.40
360 .8921 3.85 x 10, 1.54
400 .9302 2.52 x 10'", 1.01
440 .9680 1.16 x 1 0 , 4.64 x 10,
480 .9915 3.02 x 10 1.21 x IO" 1
520 1.0000 0 1 0
560 .9781 7.07 x 10, 1.27 x 10,
570 .9649 1.13 x 10, 1.13 x 10,
580 .9131 2.72 x 10”, 2.72 x 10,
590 .8376 5.04 x 10 , 5.04 x 10“X
600 .6611 1.03 x 10, 1.03
610 .4940 1.53 x io”: 1.53
620 .2609 2.16 x io": 2.16
630 .1008 2.57 x 10": 2.57
640 .0370 2.67 x 10": 2.67
650 .0100 2.72 x 10, 2.72
660 .0060 2.66 x 1 0 , 2.66
670 .0050 2.59 x 10": 2.59
680 .0067 2.48 x 10, 2.48
690 .0202 2.41 x io": 2.41
700 .0556 2.26 x 1 0 , 2.26
710 .1375 2.02 x 10" : 2.02
720 .2943 i.6i x io": 1.61
730 .4679 1.18 X 10, 1.18
740 .6169 8.32 x 10, 8.32 x 10,
750 .7402 5.5 x 10, 5.5 x 10":
760 .8390 3.3 x 10", 3.3 x 10":
770 .8997 2.2 x 10 2.2 x 10 ,
780 .9412 1.14 x 10, 1.14 x 10,
790 .9751 4.70 x 10, 4.70 x 10,
800 .9916 1.53 x 10 1.53 x 10‘ 2
810 1.0000 0 0
840 1.0000 0 0
880 1.0000 0 0
920 1.0000 0 0
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Table IV-4 Downard Flux at 300 mb (Continued)
cal/cm2 day cm"* cal/cm^day
V t (50 mb -  300 mb) (1-t)Bv (1-t)B dV V
960 1.0000 0 . 0
1000 0 (0,) i.6 x io : 6.4
1040 0 (Of) 
1.0000
1.4 X 10 5.16
1080 0 0
1120 1.0000 0 0
1160 1.0000 0 0
12 0 1.0000 0 0
1240 1.0000 0 0
1280 1.0000 0 , 0
1320 .9950 1.25 x io"; 5.00 x 10,
1360 .9643 8.07 x IO** 3.23 x 1 0 ,
1400 .9153 1.50 x 10 , 6.00 x 1 0 ,
1440 .8529 2.12 x 10 , 8.48 x 10
1480 .7610 2.88 x 10", 1.15 x 10,
1520 .6279 3.74 x 10 , 1.49 x 10,
1560 .7406 2.15 x 1 0 , 8.60 x io“:
1600 .8481 1.04 x io"; 1.25 x 10, 
5.40 x 10"*1800 .8957 2.70 x 10
2000 1.0000 0 0
2200 1.0 0 0 0 0 0
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100 u .  50 u- 20 ft 10/x 5 fJL
v t CM"'
IV-2 Sky radiation at the tropopause for a -55°C stratosphere with a 
water vapor mixing ratio of 4 x 10“ 6 g/g. x »8 show a mixing tlo of
10 ; circles, 10 • The ~55°C blackbody curve is shaded* ,
8«
du du 2Since u = Az, (where is the water vapor density in gm cm m”l)
u a i0(” +^*3“-’-Of^ K9(P, and t(z) * 1,
or
dlnx 2 1 - .9932
dz T 1+.9932 1_ (-4+.3-logLHoC)
du 10 L 
dz
»
1_ ^t(H20)
t (h2o) z
2L .0068 du
1.9932 2xlO_4dz 34L1120 £ (4-1)
For practical purposes 4^ nay ue considered to be the sum of the u'sdz
in the layers above and below the level at which the flux divergence 
is being calculated, divided by the sum of their thickness.
By similar processes,
dx
1 (002) dz
( C O 2 )
■ ^  lco2 I; x 11)2
dv p 273 2
Since —  = .0003 txtx x 10 for z in meters (where P is pressure dz 1013 T
in millibars and T is temperature in °k), this can be rewritten as
(4-2)
dlnx(c02)
dz “ 3,3 lco2 t
C. Physical Parameters of an Ice Crystal Display
Ice crystals suspended in otherwise clear air may radically change 
the radiative cooling rate of the air even when actively growing and
releasing latent heat5', as demonstrated by Gotaas and Benson (1965).
*Hote that in the free air the direction of the latent heat terra always 
opposes that of all other processes combined. In other words, latent 
heat is added only if the air is cooling and the ice crystals growing, 
tfthe air is wanning, the crystals will evaporate and remove latent 
heat.from the air.
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In order to obtain the energy flow to or from the air containing ice
crystals it is necessary to consider both the energy emitted by the
crystals and the energy absorbed from the radiation incident on the
crystals. This energy will consist of that originally emitted by the
ground, atmospheric gases and other crystals. For a first approximation,
which is valid if the total optical depth of the crystal display is
significantly less than unity, the radiation from other crystals may
be ignored, as was done by Gotaas and Benson (1965). But if the
display is very deep or dense, the crystals, especially those in the
lower parts of the display, will clearly be affected by radiation from
higher crystals.
The calculation of the heat balance including the effects of
interaction among crystals will be carried out in Chapters V and VI.
The remainder of this chapter will be concerned with the definition
and numerical computation of the quantities to be used in the final
computer calculations.
Assume that an ice crystal display contains one horizontally
3
oriented thin plane crystal, of radius 25u, per cm (Gotaas and Benson,
A
1965). Three sets of Initial conditions of temperature and humidity 
will be considered. Two of Gotaas and Benson's (1965) soundings are 
used here to allow comparison with their results: 1400 14 December
1961 and 1400 24 January 1962, both times being Alaska Standard Time 
(AST) • GUT-10 hours. The significant levels of these soundings are 
given in Table IV-5, and the soundings are shown in Figure IV-3. On 
these two soundings radiosonde humidities are accepted to facilitate 
comparison with the previous study, although the accuracy of the sensing
elements is highly questionable at the temperatures involved._________ _
*This is, of course, a simplification; individual ice crystals will 
oscillate about the stable horizontal orientation, and there will be a 
range of radii from 10u to several hundred y
90
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Table IV-5
Significant Points of Soundings from Gotaas and Benson (1965)
a) 1400 
P(mb)
14 December 1961 
h(m above msl) z(m above ground) T(t)
1
¥
993 135 0 -18.2
876 1050 915 -24.5
766 2050 1915 -24.5
738 2300 2165 -21.2
669 3020 2885 -21.9
500 5118 4973 -33.7
400 6644 6509 -46.7 I
348 7540 7405 -54.4
100 15669 15534 -47.2
50 20219 19074 -51.3 |
18 26794 26659 -57.4
b) 1400 24 January 1962 '
1005 135 0 -30.4 1
978 340 205 -29.1
I
i
945 590 455 -25.1
895 980 845 -27.4 i
853 1320 1185 -26.4 i
768 2060 1925 -30.7
724 2490 2355 -31.0
400 6530 6395 -49.1
289 8660 8525 -54.4
100 15473 15138 -51.0
50 19967 19832 -52.3
39 21571 21436 -52.9
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TEMPERATURE, °C
IV-3 Soundings from Gotaas and Benson (1965); (a) 1400 
14 Dec 1961 local time, lower temperature scale; (b) 1400 
24 Jan 1962, upper temperature scale.
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The third sounding is an abstraction for purposes of discussion.
It was based on soundings preceding nine of the ice fog events or sub­
events listed in Bowling (1967) (Fig. IV-4). The purpose of this 
composite sounding was to provide the simplest possible sounding which 
showed the general temperature structure typical of an ice crystal 
display. With it we can test the effect of varying both such computa­
tional parameters as the number of subdivisions used in the integrations, 
and such purely physical parameters as the height and density of the 
crystal display.
The significant points in this composite are the features common 
to most or all of the soundings. These include: (1) a highly variable
lapse rate from the ground to about 700 mb. The most common form 
appeared to be a succession ot normal and inverted lapse rates, with 
the most common temperatures being between about -30°C and -25°C. This 
region was approximated by an isothermal layer at -28°C, extending from 
1000 mb to 720 mb. (2) A fairly constant normal lapse rate from 
around 720 mb to the tropopause* A constant lapse was used from -28°C 
at 720 mb to -55°C at 360 mb. (3) Above the tropopause the stratosphere 
was again very weakly inverted in most cases. A temperature of -48°C 
at 100 mb was selected and the sounding was extended above that level 
with an even weaker inversion to give a temperature of -47°C at 50 mb. 
Contributions to the near-ground flux from levels above 50 mb were 
neglected.
For the two soundings from Gotaas and Benson (1965), the crystal 
densities and radii will in all cases be held to 1/an^ and 25p respec­
tively. We will consider cases where the upper surfaces of the crystal
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IV-4 Component and final soundings for the composite ice crystal 
display sounding. The component soundings were those closest to the 
time the cloud cover disappeared before the ice fog events discussed 
in Bowling (1957).
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displays are 100 m, 600 m and the top of the isothermal layer (2165 m 
and 1185 m). This includes cases where crystal displays are controlled 
by power plant plumes, local topography or regional cooling respectively.
Black, thin, horizontal crystals can be shown to give a vertical 
flux transmissivity which is a true exponential rather than an exponen­
tial integral. Consider the situation shown in Figure IV-5. The heavy 
horizontal line represents a plane, black ice crystal, seen edge-on. A 
sub-parallel beam of radiation of intensity I is incident on the crystal 
at an angle y from the vertical. The beam carries energy Idficosy per 
unit horizontal area vertically. If the crystal is considered to be a
black disc of radius a, it will intercept and absorb an amount of energy 
2
it a ldftcosy. Assume n crystals per unit volume, with a normalized size 
distribution P(a). Then the energy absorbed per unit vertical distance 
per unit horizontal area from the angle dfl is 
n / p(a)Tta2daIdficosy, and the fraction of the incident radiation absorbed 
is n/p(a)ira2da. The vertical transmissivity of a beam at angle y from the
vertical is then exp(-/n/p(a)ira2dadz). The total energy transmitted by a
layer of vertical extent z from an indicent hemi-iso tropic flux FQ=7rI, is 
then
F(z) = (F0/ir)cosYdftexp(-/n/p(a)Tta2dadz) = FQexp(-/n/p(a)TTa2dadz),
2 tt
so t  =  exp(-/n/p(a)iTa2dadz).
For the crystal display considered in Gotaas and Benson (1965),
_3
the flux transmissivity is i(ice) = exp(-1.96 x 10 z), z being in 
meters.
We will consider also two other types of "crystal display" (or 
light snowfall) in connection with the composite sounding. The first
95
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I
i
17-5 Geometry of interception of radiation by a plane crystal, seen 
edge on.
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may be considered either as a coarse crystal display or as fine snow­
flakes, with 10% of the crystal radii = .5 mm and 90% of them = .05 mm. 
This type of display not infrequently leaves a deposit of crystals 
just visible as hexagonal plates on cars, etc. after a clear night in 
early winter. Total densities expressed in crystals per liter, of 
1000 (r(ice) « exp(-8.55 x 10  ^z)) and 100 (t(ice) = exp(-8.55 x 10  ^z))
will be considered. A density of 20 per liter would give the same
transmissivity as the 25p crystals above. Light snowfall, with plane
dendritic crystals falling out of a clear sky, may consist of crystals
with radii of about 1.5 mm. A density of 10 crystals/liter will give
_2
f(ice) =* exp(-7.06 x 10 z), roughly the same as the .5 mm-.05 mm case
with n*1000/liter, while 1 crystal/liter will give r(ice) =
-3
exp(-7.06 x 10 z). Snowfall and coarse displays will be lumped,
- 2
and the final flux transmissivities will be taken as exp(-8 x 10 z) 
for snow and exp(-8 x 10 z) for large-crystal displays, t(ice) =
_3
exp(-1.96 x 10 z) will be used for thin large-crystal displays as 
well as moderate small-crystal displays. Relative hunidity will be 
assumed to be 80% over ice through the troposphere, while carbon dioxide 
content will be assumed to be .03% by volume throughout the atmosphere. 
Stratospheric water vapor was discussed in section B; a mixing ratio 
of A x 10  ^g/g will again be assumed. Tables IV-6, IV-7 and IV-8 
summarize the ice crystal soundings.
D. Ice Fog
1. Soundings
Composite soundings for the initial and terminal stages of an 
ice fog event were manufactured in precisely the same manner as were
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
98
Table IV-6
Ice Crystal Sounding, 1400 AST 14 December 1961
Average over layer from z(J) to z(J+l)
J Z P T r.h.(ice) u x 103
i
v 1
1 0 993 -18.2 59 1.51 .78
2 25 989.75 -18.4 59 1.49 .78
3 50 986.5 -18.6 60 1.48 .78
4 75 983.25 -18.8 60 1.47 .78
*5 100 980 -18.9 64 6.06 3.12
6 200 967 -19.6 67 11.81 6.24
7 400 941 -21.0 73 11.19 6.00
*8 600 916 -22.4 82 16.40 9.60
*9 915 876 -24.5 89 51.20 26.64
*10 1910 765 -24.5 94 .544 .24
*11 1920 764 -24.5 93 4.66 2.16
12 2000 755 -23.4 93 5.03 1.92
13 208C 747 -22.3 93 5.45 1.92
*14 2160 739 -21.2 92 .73 .24 j
*15 2170 738 -21.2 94 28.20 9.12 1
16 2561 700 -21.7 95 38.15 12.06
17 3106 650 -23.0 96 34.00 12.00
18 3690 600 -25.2 100 25.55 12.00
19 4310 550 -29.8 102 19.95 12.00
20 4983 500 -33.7 88 26.80 24.00
21 6509 400 -46.7 65 2.08 12.00
22 7380 350 -54.0 40 .817 12.00
23 8363 300 -55.4 -uo 1.02 60.00
24 19074 50 -50.0 - 0 0
25 19074 50 -273
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Table IV-7
Ice Crystal Sounding, 1400 AST 24 January 1962
J
Point 
Z P T°C
Layer Above Point 
r.h.(ice) uxlO^ V
1 0 1005 -30.4 79 .643 .84
2 25 1001.5 -30.2 76 .630 .84
3 50 998 -30.0 74 .627 .84
4 75 994.5 -29.8 72 .615 .84
*5 100 991 -29.7 62 2.20 3.36
6 200 977 -29.1 61 1.172 1.68
7 250 970 -28.3 65 2.82 3.12
8 350 957 -26.7 70 3.54 3.12
9 450 944 -25.1 74 .404 .48
10 460 942 -25.2 76 1.630 1.20
11 500 937 -25.3 72 3.68 3.12
*12 600 924 -26.0 80 7.49 6.00
13 800 899 -27.1 85 3.72 3.12
14 900 886 -27.3 83 9.54 7.20
*15 1150 856 -26.4 80 2.24 1.44
*16 1208 850 -26.4 77 26.18 24.00
17 2103 750 -30.8 75 11.01 12.00
18 2592 700 -32.0 80 18.40 24.00
19 3667 600 -36.9 80 12.28 24.00
20 4911 500 -42.5 80 7.49 24.00
21 6395 400 -49.1 80 4.77 24.00
22 8262 300 -53.8 60 .371 2.64
23 8525 289 -54.4 %10 .98 57.6
24 19832 50 -51.0 0 0 0
25 19832 50 -273
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Table IV-8 
Composite Ice Crystal Sounding
-J Z P T(°C) r.h.(ice) uxlO"^
11V 1
1
1 0 1000 -28 80% .825
1
.84
2 25 996.5 -28 80% .825 .84
3 50 993 -28 80% .825 .84 '
4 75 989.5 -28 80% .825 .84 ;
*5 100 986 -28 80% 3.30 2.22 ,
6 200 972 -28 80% 6.60 6.24 :
7 400 946 -28 80% 6.60 6.24 •
*8 600 920 -28 80% 13.20 12.00 1
*9 1000 870 -28 80% 5.52 4.80 !
10 1167 850 -28 80% 14.39 12.00 '
11 1602 800 -28 80% 15.27 12.00 !
12 2065 750 -28 80% 8.00 6.00 i
13 2308 725 -28 80% 1.65 1.20 1
*14 2358 720 -28 80% 1.65 1.20 j
15 2408 715 -28.6 80% 4.76 3.60 1
16 2560 700 -29.3 80% 14.33 12.00 !
17 3036 650 -32 80% 10.69 12.00
18 3649 600 -35.2 80% 7.92 12.00
19 4250 550 -38.3 80% 6.49 12.00
20 5402 500 -42.5 80% 6.83 24.00
21 6883 400 -51.2 80% 1.38 8.40
22 7478 365 -54.5 54% .20 2.40
23 7656 355 -55 20% .45 13.20
24 8731 300 -54 ^10% 1.02 60
25 20466 50 -47 0 0 0
26 20466 50 -273
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those for ice crystal displays. The major differences between the 
initial and terminal ice fog cases are (1) the terminal sounding is con­
siderably warmer above 100 m (especially around 800 mb) and colder near 
the ground, and (2) the terminal soundings tend to be dryer than the 
initial ones. The data points and composite soundings for the two 
cases are shown in Figures 1V-6 and IV-7, and the numberical data on 
the composite soundings are given in Tables IV-9 and IV-10. It should 
be noted that the soundings on which these composite soundings are 
based were taken at the Fairbanks airport rather than downtown, and all 
precede the sharp increase in airport activity since about 1968 with the 
resulting increase in airport fog density.
The humidity within the ice fog layer was chosen to be 100% relative
to ice. This is a physically reasonable assumption for a stable fog
layer; measurements in areas where the fog is in the process of thickening 
or dissipating could be expected to give higher or lower humidities 
respectively. Henmi (1969) found the water vapor content in the presence
cf ice fog to lie between ice and water saturation, while Thuman and
Robinson (1954) found water vapor contents generally below ice saturation.
The humidities above the ice fog layer are harder to define. 
Radiosonde measurements of humidity with respect to water vary from less 
than 20% to 100% in both initial and terminal soundings. Although the 
accuracy of radiosonde data at the temperatures involved (often below 
-30°C) is highly questionable, we note that the humidity values for the 
initial stages of ice fog seem to cluster around 60% over water, while 
the corresponding values for terminal ice fog are frequently less than 
40%. The relatively low humidities of terminal ice fog conditions are
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IV-6 Component; and composite soundings for the composite initial 
phase ice fog sounding. The component soundings are in each case 
first soundings in which the ground temperature was less than -40
j
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• 1400 14 DEC, 1964
+ 1400 27 DEC, 1964
• 0200 30 DEC, 1964
A 1400 2 JAN, 1965
O 0200 30 DEC, 1961
* 0200 28 JAN, 1962
0 0200 9 JAN, 1963
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IV-7 Component and composite soundings for the typical terminal ice fog 
sounding. The component soundings are in each case the last before the 
development of a cloud cover.
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Table IV-9
Initial Ice Fog Sounding
J
At 2(J) 
Z P T r.h.(ice)
Layer above Z (J) 
uxlO3 V
1 0 1010.0 -44 100 .0038 .0192
2 .5 1009.92 -43 100 .0043 .0168
3 1 1009.85 -42.5 100 .0096 .0360
4 2 1009.70 -42 100 .0287 .1008
5 5 1009.28 -41.5 100 .048 .1776
6 10 1008.54 -41 100/80 .0534/.0426 .1776
7 15 1007.8 -40.5 100/80 .0534/.0426 .168
8 20 1007.1 -40 100/80 .1192/.0955 .360
9 30 1005.6 -39.5 100/80 .1329/.1061 .360
10 40 1004.1 -39 100/80 .1329/.1061 .336
11 50 1002.7 -38 100/80 .4115/.329 .888
12 75 999.0 -36 100/80 .564/.451 .864
13 100 995.4 -34 80 .759 1.296
14 138 990 -32 80 1.585 2.4
15 210 980 -31.3 80 1.760 2.4
16 283 970 -30.7 80 3.65 4.8
17 433 950 -30 80 10.40 12.0
18 818 900 -30 80 11.02 12.0
19 1225 850 -30 80 11.69 12.0
20 1657 800 -30 80 12.49 12.0
21 2117 750 -30 80 13.29 12.0
22 2608 700 -30 80 21.7 24.0
23 3692 600 -35.3 80 14.88 24.0
24 4948 500 -41.4 80 8.16 24.0
25 6439 400 -49 80 2.51 12.0
26 7310 350 -52 80 1.985 12.0
27 8302 300 -55 ^10 1.02 60.0
28 19751 50 -55 0 0 0
29 19751 50 -273
i
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Table IV-10
Terminal Ice Fog Sounding
At Z(J) Layer above Z(J)
J Z P T r.h.(ice) uxlO"* v
1 0 1010 -50 100 .0019 .0192
2 .5 1009.92 -47 100 .0027 .0168
3 1 1009.85 -45 100 .0068 .036
4 2 1009.70 -44 100 .0230 .108
5 5 1009.25 -43.5 100 .0428 .177
6 10 1008.51 -43 100/50 .0479/.0239 .177
7 15 1007.77 -42 100/50 .0479/.0239 .177
8 20 1007.03 -41 100/50 .1069/.0535 .348
9 30 1005.58 -40 100/50 .1329/.0664 .346
10 40 1004.14 -38 100/50 .1646/.0823 .343
11 50 1002.71 -36 100/50 .2032/.1016 .338
12 60 1001.3 -34 100/50 .4996/.2498 .672
13 80 998.5 -33 100/50 .5534/.2767 .672
14 100 995.7 -32 50 .566 1.37
15 139 990 -30.6 50 1.381 2.4
16 213 980 -28 50 1.53 2.4
17 287 970 -27.6 50 3.44 4.8
18 438 950 -27 50 9.8 12.0
19 829 900 -25.3 50 12.6 12.0
20 1246 850 -23.6 50 14.8 12.0
21 1690 800 -22 50 16.6 12.0
22 2164 750 -23.3 50 15.3 12.0
23 2667 700 -26.6 50 27.5 24.0
24 3783 600 -28 50 17.8 24.0
25 5071 500 -36 50 8.1 24.0
26 6588 400 -45.7 50 2.79 19.2
27 8047 320 -55 20 .427 4.8
28 8459 300 -55 ^10 1.02 60.0
29 19908 50 -55 0 0 0
30 19908 50 -273
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also indicated by the independent evidence for strong subsidence wanning 
at this stage (Bowling et al., 1968). Also, radiant sky temperatures 
normally remain constant almost to the end of an ice fog event (Murcray, 
personal communication in 1969 on observations made circa 1955), even 
though it has been shown that air temperatures aloft normally increase 
through most of an ice fog period (Bowling et al., 1968). On the basis 
of these observations tropospheric humidities were assumed to be 80% 
over ice in the initial ice fog case and 50% over ice in terminal ice 
fog.
2. Thickness
Ice fog height may vary considerably. Benson (1965) gives thick­
nesses ranging from 10 m for normal light ice fog and outlying areas 
to 40 m for the city center under dense ice fog. During the extreme cold 
spell in late 1968 and early 1969, heights approaching 100 m were esti­
mated (Weller, 1969). We will consider heights of 10, 20, 50 and 100 m.
3. Size Distribution of Ice Fog Crystals
Particle size distributions and number densities of the crystals 
in ice fog have recently been presented in two master's theses. Herani 
(1969) based his observations entirely on precipitated particle samples, 
a procedure which, as Huffman (1968) indicated, is subject to errors 
not only from the Stoke's law variation of falling speed with size 
(which can at least in theory be corrected for), but also from micro­
turbulence and possible updrafts in the downtown area. This last source 
of error was also pointed out by Benson (1965). Huffman used some 
precipitation data, but also collected fog crystals by an impaction 
technique. The Impaction samples showed significantly more small
106
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crystals (a < 5y) than precipitation samples taken simultaneously.
Only five of his impaction distributions were taken at temperatures 
near or below -40°C, Of these, one was taken at Eielson Air Force Base 
and appears similar in its main features to another sample taken at 
the Fairbanks Airport 15 February 1967 at -38.5°C. The airport sample, 
shown in Figure IV-8, provided distribution a in Table IV-11. In the 
absence of other data, this distribution is considered typical of thin, 
widespread ice fog due almost entirely to auto exhaust and will be 
used for 10 and 20 m fog heights.
Two of the five samples were taken at an open water site. They 
were similar to each other and showed a considerable shift towards 
larger crystal sizes. These distributions were not used, as they are 
representative of such a limited area with dense but localized fog that 
the assumption of horizontal homogeneity is questionable.
The final distribution, taken in downtown Fairbanks 23 December 
1965 at -40°C (Fig. IV-9), is presented as distribution b in Table 
IV-11. It will be considered typical of the downtown area and dense 
ice fog derived from multiple sources. It will be used for 20 m, 50 m 
and 100 m thicknesses.
4. Number Density of Ice Fog Crystals.
3
Huffman (1968) gives particle concentrations n, (crystals per cm ) 
from 27 to 90 for the airport-Eielson samples at -38 to -40°C, and from 
101 to 656 in downtown Fairbanks at temperatures of -32 to -34°C. These 
estimates are based on visibility. Henmi (1969) showed that numerical 
precipitation rates increase exponentially with decreasing temperatures. 
He also presents evidence that the fraction of very small particles
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Table IV-11
Ice Fog Size Distributions
Distribution a
Thin, auto-exhaust type fog 
Radius, a Pa(a) = Pa(a)da
1
1.5 
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5 
7
7.5
.03
.27
.40
.12
.06
.05
.05
.02
Distribution b
Thick, mixed-origin fog 
Pfa(a) = pb(a)da
.005
.15
.18
.18
.13
.11
.09
.065
.04
.02 
.01 
.01
.005
.005
increases with decreasing temperature. Thus, the trend of the number 
density is opposite to the bias expected due to the precipitation 
sampling. This may be expected to reflect a real exponential increase 
in n with decreasing temperature? His precipitation data suggest 
concentrations as high as n * 1000 at -40°C. Attempts to fit Huffman's 
impaction values at -32°C and -34°C to Henmi's curve lead to even 
higher values of n, as high as 4000 or more at -40°C, As there is no 
other evidence for such extremely high values for the number density, 
we will consider n = 100 and 200 for the thin-fog size distribution a, 
and n * 200, 500 and 1000 for thick fog (distribution b. The com­
binations of size distribution, fog height, and number density to be
*Although this occurs over the temperature range in which measurements 
were made, it is clear that the exponential trend cannot continue 
indefinitely as temperatures continue to drop, or an atmosphere of 
solid ice would soon result.
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used, together with the solid water content of each combination, are 
given in table IV-12.
5. Computation of Ice Fog Absorption and Flux Backscattering 
Coefficients
Ice fog crystals, unlike the crystals of an ice crystal display, 
are equant, randomly oriented, and in many cases almost spherical.
This allows the use of Hie theory to compute the flux backscatter and 
transmissivity. It also affects the form of the transmissivity curve.
A solid crystal will not have the complex line structure of a gas, and 
the beam transmissivity will be an exponential, exp(-(n/p(a)Qext(a) 
(l-2i0(a))Tia2da) |^ |). Here n is the number density of the crystals, 
a is crystal radius, p(a) is the normalized size distribution, Qext(3) 
is the Mie extinction efficiency factor (the ratio of the cross section 
of the particle as measured by the amount of radiation scattered and 
absorbed from a beam to the geometrical cross section of the particle), 
u>0(a) is the single scattering albedo (the ratio of scattered energy to 
the total scattered plus absorbed energy due to a single scattering 
center) and |r| is distance. Note that this "transmissivity" is defined 
as if the scattering did not exist, and that it depends on v through 
Qgjjt aQd “o* From Elsasser (1942) we know that the flux transmissivity 
t (x ) for a locally isotropic beam transmissivity exp(x) is given by 
twice the third exponential integral,
Ill
t (x ) = 2Eij(x) = 2
-xn dn 
5 Tn5
%
For the black case, Qext 3 <*>Q = 0 and the quantity of interest
00
in each size distribution is r The results are shown
p(a)7ra2da.
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Table IV-12 
Summary of Ice Fog Situations
height
Number and 
Size 
Distribution 10 m 20 m 50 m 100 m
n * 100
Distr. .a _ 
SWC = .0077 g/m
thin, low
widespread
fog
widespread 
fog, thicker 
layer
1
t
11
n * 200 
Distr. a 
SWC = .0114 g/m
denser wide­
spread fog
relatively 
thick, dense 
widespread 
fog
-
t
* 1J11
!
n = 200 
Distr. b 
SWC = .028 g/m
thin city 
fog
thin but 
deep fog
••
n = 500 
Distr. b 
SWC = .07 g/m3
dense, low- 
lying city 
fog
moderately 
dense city 
fog
moderately 
dense city 
fog, very 
thick 
layer
n = 1000 
Distr. b 
SWC =* ,14—g/m
1
!
1
• very dense 
city fog
very dense 
city fog, 
very thick 
layer
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in table IV-13, together with the factors njp(a)na2da for each of the
o
5 combinations of n and p(a) to be used.
113
00
Table IV-13 
Absorption Parameters for Black Ice Fog
Distribution a Distribution b
Effective crystal area 16,8 x 10”8cm2 33.3 x 10“8cm2
Effective crystal radius 2.3 u 3.25 u
• n * 100 1.68 x 10 -
Absorption n = 200 3.36 x 10“ V 1 6.66 x 10 8m ^
<
Coefficient, n = 500 - -2 - 1  1.665 x 10 m
, n = 1000 3.33 x 10’V 1
For the more realistic approximate Mie case, Irvine and Pollack
(1968) present values of Qext> <^0 (their a) and <cos 0 > = 2tt/♦(0) 
co60sin0de for ice (and water) spheres of radii 1, 3 and 10y. They also 
summarize what they believe to be the best available values of the 
optical constants of ice and water. Their results for ice are reproduced 
in Tables IV-14, IV-15, IV-16 and IV-17. They have made a thorough 
search of the literature on the optical constants of ice, and find that 
available values in the 200 to 2000 cm  ^region often show 5 to 10% 
variation from their selected values. Under these circumstances the 
five place accuracy of their results seems somewhat optimistic, and in 
rescaling their values to fit our wavelength intervals no attempt has 
been made to retain more than slide rule accuracy.
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Ice: Absorption Coefficient I; and Real (n ) and Imaginary (n.) 
Parts of Index of Refraction versus Wavelength X after Irvine
and PollacU, I960
Table Iv-14
v(co *) (A) nr
, -1I;, cm n.i
2500 4.0 1.327 389 0.0124
2433 4.1 1.318 459 0.0150
2381 4.2 1.307 525 0.0175
2326 4.3 1.299 636 0.0218
2273 4.4 1.288 806 0.0282
2222 4.5 1.280 921 0.0330
2174 4.6 1.273 783 0.0287
2128 4.7 1.266 576 0.0215
2083 4.8 1.258 454 0.0173
2041 4.9 1.252 377 0.0147
2000 5.0 1.247 334 0.0133
1961 5.1 1.241 321 0.0130
1923 5.2 1.236 322 0.0133
1887 5.3 1.231 360 0.0152
1852 5.4 1.227 408 0.0175
1818 5.5 1.226 479 0.0210
1786 5.6 1.226 548 0.0244
1754 5.7 1.226 690 0.0313
1724 5.8 1.227 918 0.0424
1695 5.9 1.232 1120 0.0526
1667 6.0 1.235 1293 0.0617
1653 6.05 1.235 0341 0.0646
1639 6.1 1.234 1325 0.0643
1613 6.2 1.232 1248 0.0616
1587 6.3 1.228 1164 0.0584
1563 6.4 1.226 1090 0.0555
1538 6.5 1.225 1065 0.0551
1515 6.6 1.223 1065 0.0559
1504 6.65 1.222 1065 0.0564
1493 6.7 1.222 1039 0.0554
1471 6.8 1.221 988 0.0535
1449 6.9 1.221 925 0.0508
1429 7.0 1.221 881 0.0491
1408- 7.1 1.221 C37 0.0473
1389 7.2 1.221 790 0.0453
1333 7.5 1.220 669 0.0399
1250 8.0 1.219 580 0.0369
1176 8.5 1.217 520 0.0352
1111 9.0 1.210 510 0.0365
1053 9.5 1.192 410 0.0310
1000 19 1.152 520 0.0413
952 10.5 1.195 720 0.0602
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Table IV-14
(continued)
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v(cm *) ( X ) n^  k,cin ^
909 11 1.290 1090 0.0954
870 11.5 1.393 1240 0.0114
833 12 1.480 1260 0.0120
800 12.5 1-565 1190 0.0119
769 13 1.612 1040 0.0108
741 13.5 1.613 870 0.0935
.667 15 1.550 640 0.0762
571 17.5 1.486 250 0.0347
500 20 1.455 160 0.0255
400 25 1.425 150 0.0298
333 30 1.427 220 0.0525
286 35 1.440 400 0.111
250 40 1.460 560 0.178
230 43.4 1.49 930 0.321
223 44.8 1.49 1630 0.581
215 46.5 1.50 1170 0.433
192 52 1.530 650 0.269
179 56 1.545 340 0.152
161 62 1.57 580 0.286
120 83 1.620 330 0.22
100 100 1.650 100 0.08
85 117 1.690 32 0.03
67 150 1.722 25 0.03
66 152 1.730 25 0.03
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table IV-15
Q for Ice Spheres after Irvine and Pollack, 1968 
^ext
V
(cm L ) A a = ly 3U iop
2500 4 000 0.41089 127865 2.64357
2439 4.10 0.37619 3.04390 2.43268
2381 4.20 0.34957 2.84437 2.30208
2326 4.30 0.33535 2.66589 2.15927
2273 4.40 0.32718 2.46297 2.11202
2222 4.50 0.31939 2.30783 2.09771
2174 4.60 0 28042 2.17039 2.09618
2128 4.70 0.23324 2.02251 2.06310
2083 4.80 0.19869 1.86074 2.16270
2041 4.90 0.17425 1.72722 2.27418
2000 5.000 0.15664 1.61334 2.39254
1961 5.10 0.14328 1.49870 2.58912
1923 5.20 0.13389 1.40261 2.73445
1887 5.30 0.13068 1.31887 2.85172
1852 5.40 0.13000 1.25170 2.95456
1818 5.50 0.13534 1.22135 2.98646
1786 5.60 3.14085 1.20125 2.98993
1754 5.70 0.15689 1.20055 2.94923
1724 5 80 0.18533 1.22923 2.86444
1695 5.90 0.21197 1.28060 2.78483
1667 6.000 0.23336 1.31047 2 73194
1653 6.05 0.23840 1.30807 2.72223
1639 6.10 0.23401 1.28562 2.73611
1613 6.20 0.21984 1.23219 2.77696
1587 6.30 0.20410 1 16515 2.82259
1563 6.40 0.19062 1.11292 2.86402
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Q for Ice Spheres after Irvine and Pollack, 1968 
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Table Iv-15 ^Continued)
v(crn *) A a = in 3y 10 u
1538 6.50 0.18456 1.08019 2.8807
1515 6.60 0.18152 1.04927 2.88099
1504 6.65 0.18033 1.03494 2.87810
1493 6.70 0.17571 1.01872 2.89054
1471 6.80 0.16667 0.98209 2.91088
1449 6.90 0.15628 0.94735 2.94115
1429 7.000 0.14866 0.91845 2.96145
1408 7.10 0.14106 0.88963 2.98223
1389 7.20 0.13326 0.86029 3.00347
1333 7.50 0.11255 0.77351 3.03995
1250 8.000 0.09507 0.67259 3.01342
1176 8.50 0.08285 0.58483 2.92431
1111 9.000 0.07765 0.50939 2.73760
1053 9.50 0.06105 0.38686 2.41170
1000 10.000 0.07204 0.33056 1.75928
952 10.50 0.09865 0.46534 2.18902
909 11.000 0.14617 0.77347 2.78996
870 11.50 0.16331 1.05026 3.01376
833 12.000 0.16066 1.25005 3.00211
800 12.50 0.14904 1.42773 2.89169
769 13.000 0.12817 1.43721 2.87530
741 13.50 0.10647 1.27268 2.98623
667 15.000 0.07611 0.80472 3.58427
571 17.50 0.03049 0.36587 3.73704
500 20.000 0.01924 0.20961 3.06167
400 25.000 0.01693 0.11253 1.99812
333 30.000 0.02394 0.10803 1.57165
286 35.000 0.04235 0.15628 1.40262
250 40.000 0.05822 0.20037 1.36663
230 43.40 0.09423 0.31478 1.64259
223 44.80 0.16336 0.54005 2.07899
215 46.50 0.11715 0.38556 1.77753
192 52.000 0.06377 0.20842 1.24798
179 56.000 0.03312 0.10860 0.82405
161 62.000 0.05495 0.17580 1.02083
159 63.000 0.05669 0.18088 1.02615
120 83.000 0.03032 0.09469 0.51317
100 1 0.000 0.00895 0.02790 0.17105
85 117.000 0.00277 0.00874 0.06770
67 150.000 0.00210 0.00650 0.03733
66 152.000 0.00206 0.00637 0.03635
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Table IV-16
u>o for Ice Spheres after Irvine and Pollack 1968
V X a = lp 3u 10u
2500 4.00 0.84733 0.93014 0.76471
2439 4.10 0.80727 0.91469 0.72841
2381 4.20 0.76772 0.89994 0.67962
2326 4.30 0.71024 0.87564 0.62953
2273 4.40 0.63161 0.83867 0.56903
2222 4.50 0.57414 0.80973 0.54763
2174 4.60 0.58796 0.82383 0.57509
2128 4.70 0.63608 0.85598 0.63888
2083 4.80 0.66403 0.87478 0.70437
2041 4.90 0.68198 0.88700 0.75188
2000 5.00 0.68743 0.89271 0.78817
1961 5.10 0.67412 0.89004 0.81008
1923 5.20 0.65178 0.88301 0.82018
1887 5.30 0.60241 0.86264 0.81522
1852 5.40 0.55103 0.83905 0.80609
1818 5.50 0.49484 0.80914 0.78478
1786 5.60 0.44901 0.78203 0.76615
1754 5.70 0.38139 0.73372 0.72958
1724 5.80 0.30984 0.66989 0.67950
1695 5.90 0.27002 0.62734 0.64136
1667 6.00 0.24072 0.59311 0.61542
1653 6.05 0.23032 0.53106 0.60956
1639 6.10 0.22652 0.57857 0.61312
1613 6.20 0.22409 0.58108 0.62619
1587 6.30 0.22049 0.58258 0.64207
1563 6.40 0.21939 0.58697 0.65630
1538 6.50 0.21315 0.58331 0.66134
1515 6.60 0.20255 0.57294 0.66191
1504 6.65 0.19718 0.56733 0.66169
1493 6.70 0.19696 0.56962 0.66650
1471 6.80 0.19509 0.57217 0.67597
1449 6.90 0.19704 0.58044 0.68852
1429 7.00 0.19655 0.58465 0.69737
1408 7.10 0.19661 0.58959 0.70651
1389 7.20 0.19758 0.59582 0.71646
1333 7.50 0.19922 0.61158 0.74449
1250 8.00 0.18443 0.60714 0.76331
1176 8.50 0.16604 0.59304 0.77317
1111 9.00 0.13467 0.54949 0.76308
1053 9.50 0.11680 0.52898 0.77414
1000 10.00 0.05367 0.34444 0.65360
952 10.50 0.05423 0.35561 0.64100
909 11.00 0.06689 0.40822 0.62529
870 11.50 0.08763 0.47925 0.60930
833 12.00 0.10664 0.53451 0.58702
800 12.50 0.12844 0.58637 0.55944
769 13.00 0.14478 0.62649 0.55853
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Table IV-16
(continued)
v (cm *) X(u) a = ly 3y 10y
741 13.50 0.14910 0.65112 0.59469
667 15.00 0.11300 0.63331 0.71541
571 17.50 0.12102 0.70132 0.86357
500 20.00 0.09989 0.68024 0.89496
400 25.00 0.04128 0.48288 0.85822
333 30.00 0.01435 0.25185 0.75194
286 35.00 0.00484 0.10470 0.55727
250 40.00 0.00242 0.05638 0.43627
230 43.40 0.00151 0.03629 0.34906
223 44.80 0.00132 0.03214 0.32185
215 46.50 0.00118 0.02882 0.31706
192 52.00 0.00108 0.02685 0.34351
179 56.00 0.00138 0.03430 0.43008
161 62.00 0.00070 0.01774 0.29580
159 63.00 0.00065 0.01651 0.28382
120 83.00 0.00040 0.01052 0.23377
100 100.00 0.00063 0.01641 0.34081
85 117.00 0.00117 0.03026 0.50246
67 150.00 0.00061 0.01611 0.35764
66 152.00 0.00060 0.01585 0.35430
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<Cos0> for Ice Spheres 
after Irvine and Pollack, 1068
Table IV-17
i v(cm *) (p) a = lu 3p lOp
2500 4.000 0.49289 0.85618 0.86536
2439 4.10 0.46636 0.86029 0.86794
2381 4.20 0.44171 0.86123 0.84994
2326 4.30 0.41919 0.86137 0.85426
2273 4.40 0.39788 0.86237 0.86025
2222 4.50 0.37828 0.86185 0.87054
2174 4.60 0.35833 0.85804 0.85706
2128 4.70 0.33925 0.85314 0.83741
2083 4.80 0.32198 0.84941 0.84100
2041 4.90 0.30654 0.84598 0.84530
2000 5.000 0.29252 0.84306 0.85339
1961 5.10 0.27950 0.84108 0.87491
1923 5.20 0.26753 0.83932 0.88588
1887 5.30 0.25654 0.83812 0.89832
1852 5.40 0.24636 0.83659 0.90941
1818 5.50 0.23718 0.83453 0.91617
1786 5.60 0.22857 0.83187 0.92057
1754 5.70 0.22073 0.82959 0.92664
1724 5.80 0.21369 0.82758 0.93308
1695 5.90 0.20716 0.82468 0.93557
1667 6.000 0.20068 0.82131 0.93801
1653 6.05 0.19733 0.81925 0.93906
1639 6.10 0.19379 0.81656 0.93936
1613 6.20 0.13688 0.81051 0.93925
1587 6.30 0.18020 0.80396 0.93982
1563 6.40 0.17401 0.79722 0.93969
1538 6.50 0.16833 0.79103 0.93984
1515 6.60 0.16293 0.78522 0.94053
1504 6.65 0.16033 0.78242 0.94084
1493 6.70 0.15778 0.77926 0.94040
1471 6.80 0.15283 0.77316 0.93993
1449 6.90 0.14813 0.76707 0.93902
1429 7.000 0.14369 0.76159 0.93849
1408 7.10 0.13945 0.75644 0.93797
1389 7.20 0.13540 0.75162 0.93729
1333 7.50 0.12426 0.73975 0.93745
1250 8.000 0.10873 0.72650 0.93222
1176 8.50 0.09598 0.71333 0.93023
1111 9.000 0.08527 0.69380 0.92922
1053 9.50 0.07592 0.66109 0.92809
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Table IV-17 (Cont'd)
\>(cm *)
X
(p) a = lu 3p lOp
1000 10.000 0.66761 0.61521 0.93346
952 10.50 0.06220 0.59007 0.92540
909 11.000 0.05868 0.58141 0.90959
870 11.50 0.05591 0.57132 0.88410
833 12.000 0.05328 0.55657 0.85405
800 12.50 0.05103 0.54248 0.81490
769 13.000 0.04824 0.51919 0.78153
741 13.50 0.04476 0.48110 0.76396
667 15.000 0.03525 0.35817 0.79414
571 17.50 0.02519 0.23585 0.78798
500 20.000 0.01905 0.17310 0.76789
400 25.000 0.01205 0.10781 0.71361
333 30.000 0.00838 0.07488 0.66878
286 35.000 0.00619 0.05540 0.64072
250 40.000 0.00476 0.04273 0.55369
230 43.40 0.00406 0.03640 0.48697
223 44.80 0.00364 0.03273 0.44565
215 46.50 0.00349 0.03137 0.42473
182 52.000 0.00290 0.02595 0.33726
179 56.000 0.00255 0.02271 0.27891
161 62.000 0.00208 0.01859 0.22733
159 63.000 0.00201 0.01798 0.21919
120 83.000 0.00121 0.01071 0.12092
100 100.000 0.00089 0.07552 0.08295
85 117.000 0.00069 0.00564 0.06163
67 150.000 0.00050 0.00349 0.03826
66 152.000 0.00055 0.00342 0.03742
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Plots of the tabulated values of Qgxt» <j30, and <cos0> are given 
in Figures IV-10, IV-11 and IV-12, These three parameters and their 
adaptation to this paper are discussed below:
a» Qo,,** Values of Q_v„ over each of the 63 wave number intervals
" X v  C A t
in Table IV-3 are needed for each particle size in Table IV-11.
Figures IV-13 and IV-14 are reproductions of figures 32 and 33 from 
van de Hulst (1957). From Figure IV-13 it is apparent that the vari­
ation of Q with radius (actually with 27ra/X®2nav) for real refractive 
indices, nf, near 1 is monotonic and very roughly linear over much of 
the range from zero up to the first maximum of the extinction curve. 
Furthermore, this maximun becomes higher and shifts to smaller values 
of 2irav as the real refractive index increases. Figure IV-14 shows 
that increasing the absorption steepens the initial portion of the curve 
and damps the Ilie oscillations. The smoothness of Q (=(1—230)Qext)
is also shown, and will be used as an aid in computing wo, Note that 
with strong absorption, ie. 45°, the linearity of Qext becomes much 
better for very small values of 2irav but extends only about half as far 
(compare with 0°)into the larger values of 2irav. Assume that these effects 
of absorption apply qualitatively to cases with i < nr .< 1 .6, and the 
effects of absorption do not seriously affect the results in Figure 
IV-13 except as shown in Figure IV-14. It is then possible to explain 
most of the features shown in Figure IV-10 and thus locate regions 
where linear interpolation will give approximately valid results.
In Figure IV-10 the peaks at 160 and 220 cm  ^are due to absorption 
maxima. The 3p and lOp curves are in the quasi-linear part of the Mie 
curve, while the lp curve may be somewhat below it. In this region
122
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IV-10 Plot of the Mle efficiency factor for extinction, Qex(-» f°r -*-ce
spheres of radii 1, 3 and 10y (values from Irvine and Pollack 1968). 
Dashed line for a = lp, heavy solid line a = 3p, thin solid line for 
a = lOu.
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u, CM-1
IV-11 Plot of the single scattering albedo, w , as absorption (zero at the 
top of the scale) for ice spheres of radii 1, 3 and 10y (values from 
Irvine and Pollack, 1968). Dashed line for a = lp, heavy solid line 
a = 3y, thin solid line for a = lOy.
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u, C M - '
IV-12 Plot of the asymmetry factor, < cos 6 >, for Ice spheres of radii 
1, 3 and 10y (values from Irvine and Pollack, 1968). Dashed line for 
a = ly, heavy solid line a = 3p, thin solid line for a = 10p.
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Q
Q
Q
p  —  2 x \ m  —  l|
IV-13 Mie extinction curves for real refractive indices. From van de Hulst, 
1957. Note that in this context x = 2*3. rather than optical distance.
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P
IV-14 Mle extinction and absorption curves for complex refractive indices 
near 1 from van de Hulst, 1957. p = ,^a 2 (l-nr).
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we will interpolate between lp and 3p and between 3p and lOp, At about 
550 cm *, the lOp curve begins to peak with simultaneous increases 
in 2irav and nr. Both nr and the imaginary refractive index, n^ , peak 
at 740 cm*"* (13.5p ), giving peaks in the lp and 3p curves and a minimum 
in the lOp curve. At this point the lOp curve is clearly beyond the 
first peak in the Mie extinction curve and interpolation between 3p 
and lOp is completely invalid. We obtain approximate values of Q^j. 
up to about 7.5p by extrapolating from the lp and 3p curves. Beyond 
770 cm * nr decreases rapidly and on the basis of values of 4irav(l-nr), 
which are decreasing with increasing av in this region, the small peak 
around 850 cm * in the lOp curve actually represents a retracing of 
the first peak in the Mic extinction curve and a return to the quasi- 
linear part of the curve (Fig. IV-13). At 900 cm-* we return to 
separate linear interpolations between the lp and 3p and the 3p and 
lOp curves.
The minimum in nr at 1000 cm * (Fig. IV-10) affects all three
curves. From 1000 cm * to 2200 cm * nr ranges from 1.22 to 1.24.
At 1250 cm * the linear assumption again begins to break down and it
is necessary to interpolate between lp and 3p and extrapolate above
3p. The difference between this extrapolation and that made in the
range 550 cm-* to 900 cm * is that we now assume an upper limit for
Q * 3.5. The form of the extinction curve is approximated for
values of a which raise Q to its limit of 3.5, Luckily this spec­
— ext
tral region is of very little importance to us, having near-zero 
blackbody emission at low temperatures and being strongly absorbed by 
water vapor beyond 1400 cm-*. Table IV-18 gives the resulting values
°* Qext*
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TABLE IV - 18
interpolated values of Q
ext
1 1 .5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 10 !
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .005
40 0 0 0 0 .01 .01 .01 .01 .01 .01 .02 .02 .02 .02 .02
80 .01 .01 .015 .015 .02 .02 .02 .02 .03 .03 .03 .04 .04 .04 .06
120 .03 .045 .06 .08 .094 .12 .15 .18 .21 .24 .27 .30 .33 .36 .51
160 .06 .09 .12 .15 .18 .23 .29 .35 .41 .47 .53 .59 .65 .71 1.02
200 .08 .13 .18 .24 .30 .38 .46 .54 .62 .70 .78 .86 .94 1.02 1.40
240 .07 .1 1 .16 .2 1 .26 .34 .43 .52 .61 .70 .79 .88 .97 1.06 1.50
280 .05 .07 .10 .12 .15 .23 .32 .41 .50 .59 .68 .77 .86 .95 1.40
320 .03 .05 .07 .09 .1 1 .14 .18 .24 .30 .40 .50 .60 .70 .80 1.50
360 .02 .04 .06 .08 .10 .13 .17 .23 .29 .39 .50 .61 .72 .83 1.72
400 .017.04 .06 .09 .12 .15 .2 1 .29 .39 .51 .65 .79 .93 1.07 1.98
440 .015.04 .07 .10 .14 .20 .28 .38 .50 .64 .80 .96 1 .12 1.28 2.32
480 .017.06 .10 .14 .18 .26 .36 .48 .62 .78 .97 1.16 1.35 1.44 2.80
520 .02 .07 .12 .22 .24 .32 .42 .54 .69 .87 1.08 1.33 1.58 1.83 3.40
560 .03 .10 .18 .26 .34 .44 .56 .70 .86 1.04 1.25 1.50 1.77 2.06 3.65
570 .03 .1 1 .19 .27 .37 .49 .63 .79 .97 1.17 1.40 1.66 1.95 2.22 3.74
580 .04 .12 .21 .30 .39 .54 .69 .87 1.07 1.29 1.52 1.78 2.06 2.32 3.75
590 .04 .13 .23 .33 .43 .59 .75 .94 1.17 1.40 1.65 1.90 2.16 2.42 3.75
600 .04 .15 .26 .37 .48 .63 .81 1.02 1.27 1.52 1.77 2.02 2.27 2.52 3.76
610 .05 .16 .28 .40 .52 .69 .88 1.10 1.35 1.60 1.85 2.10 2.35 2.60 3.75
620 .05 .17 .30 .43 .56 .75 .95 1.18 1.43 1.68 1.93 2.18 2.43 2.68 3.73
630 .05 .19 .33 .47 .61 .80 1.02 1.26 1.51 1.76 2.01 2.26 2.51 2.76 3.71
640 .06 .20 .35 .50 .65 .85 1.09 1.33 1.58 1.83 2.08 2.33 2.58 2.83 3.69
650 .06 .22 .38 .54 .70 .90 1.15 1.40 1.65 1.90 2.15 2.40 2.65 2.90 3.66
660 .06 .23 .40 .57 .75 .97 1.22 1.47 1.72 1.97 2.22 2.47 2.72 2.96 3.63
670 .07 .24 .42 .61 .81 1.04 1.29 1.54 1.79 2.04 2.29 2.54 2.79 3.02 3.56
680 .07 .26 .46 .67 .88 1 .1 1 1.36 1.61 1.86 2 .11 2.36 2.61 2.86 3.08 3.48
690 .08 .28 .49 .70 .92 1.18 1.43 1.68 1.93 2.18 2.43 2.68 2.93 3.14 3.35
700 .08 .30 .53 .76 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.20 3.25
710 .09 .31 .55 .79 1.04 1.33 1.59 1.84 2.09 2.34 2.59 2.84 3.08 3.27 3.15
720 .09 .33 .58 .84 1.10 1.41 1.68 1.93 2.18 2.43 2.68 2.93 3.16 3.33 3.08
730 .10 .35 .61 .88 1.17 1.48 1.76 2.02 2.27 2.52 2.77 3.02 3.23 3.39 3.02
740 .1 1 .39 .68 .97 1.26 1.55 1.84 2.10 2.35 2.60 2.85 3.10 3.30 3.45 2.98
750 .12 .41 .71 1.02 1.33 1.63 1.93 2.22 2.51 2.79 3.05 3.30 3.45 3.50 2.92
760 .12 .43 .74 1.06 1.38 1.70 2.02 2.34 2.66 2.98 3.25 3.45 3.50 3.45 2.89
770 .13 .45 .78 1 .1 1 1.44 1.75 2,07 2.39 2.71 3.03 3.30 3.47 3.47 3.30 2.86
780 .13 .46 .78 1 .1 1 1,44 1.75 2.07 2.39 2.71 3.03 3.30 3.47 3.47 3.30 2,87
790 .14 .46 .78 1.10 1.43 1.75 2.07 2.39 2.71 3.03 3.30 3.47 3.47 3.30 2.88
800 .15 .47 .79 l.U 1.43 1.75 2.07 2.39 2.71 3.03 3.30 3.47 3.47 3.30 2.89
810 .16 .46 .76 1.07 1.38 1.69 2.00 2.31 2.61 2.91 3.25 3.45 3.50 3.45 2.92
840 .16 .42 .68 .94 1.20 1.46 1.71 1.95 2.17 2.37 2.55 2.71 2.83 2.90 3.00
880 .15 .35 .56 .77 .98 1.19 1.40 1.61 1.82 2.03 2.24 2.45 2.66 2.87 2.98
920 .13 .26 .39 .52 .66 .80 .94 1.08 1.22 1.36 1.50 1.64 1.78 1.92 2.64
960 .085.16 .24 .33 .42 .53 .64 .75 .86 .97 1.08 1.19 1.30 1.41 2.00
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TABLE IV - 18
Interpolated Values of Q 
(continued) ex
« 1 1.5 2 2*5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 10
1000 .072 .13 .19 .26 .33 .44 .55 .66 .77 .88 .99 1 .10 1 .2 1 1.32 1.76
1040 .059 .13 .2 1 .29 .37 .50 .63 .76 .89 1.03 1.17 1.31 1.45 1.59 2.30
1080 .065 .15 .24 .34 .44 .59 .74 .89 1.04 1.19 1.34 1.49 1.64 1.79 2,58
1120 .077 .18 .29 .40 .52 .68 .84 1.00 1.16 1.32 1.48 1.64 1.80 1.96 2.76
1160 .079 .205 .33 .45 .58 .75 .92 1.09 1.26 1.43 1.59 1.75 1.91 2.07 2.87
1200 .081 .215 .35 .48 .62 .79 .96 1.13 1.30 1.47 1.64 1.81 1.98 2.15 2.95
1240 .098 .24 .37 .51 .66 .83 1.00 1.17 1.34 1.51 1 .6 8 1.85 2.02 2.19 3.00
1280 .10 .25 .40 .55 .71 .86 1 .0 1 1.16 1.31 1.46 1.61 1.76 1.91 2.06 3.02
1320 .11 .27 .43 .59 .76 .92 1.08 1.24 1.40 1.56 1.72 1.88 2.04 2.20 3.03
1360 .12 .29 .46 .64 .82 1.00 1.18 1.36 1.54 1.72 1.90 2.08 2,26 2.44 3.02
1400 .14 .32 .50 .69 .88 1.07 1.26 1.45 1.64 1.83 2.02 2 .2 1 2.40 2.59 2.99
1440 .15 .34 .54 .74 .94 1.14 1.34 1.54 1.74 1.94 2.14 2.34 2.54 2.74 2.95
1480 .17 .37 .58 .79 1.00 1 .2 1 1.42 1.63 1.84 2.05 2.26 2.47 2.68 2.89 2.90
1520 .18 .40 .62 .84 1.06 1.28 1.50 1.72 1.94 2.16 2.38 2.60 2.82 3.04 2.89
1560 .19 .42 .65 .88 1 .1 2 1.35 1.58 1.81 2.04 2.27 2.50 2.73 2.96 3.19 2.87
1600 .2 1 .46 .72 .98 1.24 1.44 1.70 1.96 2.22 2.48 2.74 3.00 3.26 3.50 2.79
1800 .13 .40 .67 .94 1 .2 1 1.48 1.75 2.02 2.29 2.56 2.83 3.10 3.37 3.50 2.98
2000 .16 .51 .87 1.24 1.61 1.98 2.35 2.72 3.09 3.46 3.40 3.10 2.80 2.50 2.39
2200 . 30 .78 1.27 1.76 2.25 2.74 3.23 3.45 3.50 3.45 3.25 3.00 2.75 2.50 2.09
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b. tu0. Returning to Figure IV-14, it is clear that the variation 
of QajjS (a (l-a)0) Qext) with 2Ttav shows no trace of the major Mie 
oscillations and is monotonic at least for refractive indices near 1.
If this relationship holds for the refractive indices of Table IV-14, 
then the variation of u0 with size must compensate for that of Qgxt; 
this would make direct interpolation of u>Q quite difficult. That a 
general relationship of this sort does exist can be seen by comparing
Figures IV-10 and IV-11. On the other hand, the absorption efficiency
factor Qa^ g should be relatively easy to obtain by interpolation, and 
it is then easy to obtain the scattering efficiency factor Q fromSCo
the relationship Qsca = Qext - Qabs_
Q (l-2>0) for a = lp, 3p, and 10p is plotted from Irvine and
vA W
Pollack's data in Figure IV-15. The curves are very similar in shape, 
and comparison with Table IV-14 indicates that the observed variation 
with wave number is almost entirely due to variation in the absorption 
coefficient. This increased regularity allows for more accurate inter­
polation than was possible for Qe x t » The interpolation for wave numbers 
which were multiples of 200 cm"^ , as well as for some near extreme 
values of Qa b s» was carried out graphically, using the known points 
for a = 0, lp, 3y and 10p to construct a smooth curve and then reading 
intermediate values off the curve. A sample interpolation diagram, 
for 600 cm \  is shown in Figure IV-16. Values of Qext for other wave 
numbers were interpolated both between these control values and between 
the points plotted from Figure IV-15. The resulting values for Qabg 
are given in Table IV-19, and the values for Q obtained from Q =
SC3 SCo
Q - Q , are given in Table IV-20.
eXC a05
*Except for rapid fluctuations which may be neglected in taking an 
integral over a range of sizes.
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IV-15 Plot of the Mie absorption efficiency factor, Q . , for ice spheres
of 1, 3 and lOp radii. Dashed line for a = lp, heavy soiid line a = 3p, 
thin solid line for a = lOp.
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TABLE I V - 1 1.
Interpolated values of Q ^
\>/» 1 1 . 5 2 2 . 5 3 3 . 5 4 4 . 5 ' 5 5  . ' 5 6 " T . T " 7 7 . 5 I T T '
1 0 . 0 0 0 0 0 0 0 0 0 0 0 0 j 0 0 0 . 0 0 5
4 0 . 0 0 2 . 0 0 2 . ; 0 3 . 0 0 4 . 0 0 4 . 0 0 5 . 0 0 6 . 3 0 7 . 0 0 8 . 0 0 9 . 0 1 0 . 0 1 1 0 1 2 0 1 3 . 0 1 9
8 0 . 0 0 3 . 0 0 4 . 0 0 5 . 0 0 5 . O O C . 0 0 9 . 3 1 0 . 0 1 2 . 0 1 3 . 0 1 5 . 0 1 6 . 0 1 8 0 1 9 0 2 1 . 0 3 0
1 2 0 . 0 3 0 . 0 4 6 . 0 5 2 . 0 7 8 . 0 9 4 . 1 1 3 . 1 3 0 . 1 5 0 . 1 7 0 . 1 9 . 2 1 . 2 3 2 5 2 7 . 3 9 2
1 6 0 . 0 5 5 . 0 C 3 . 1 1 . 1 4 . 1 7 5 . 2 1 . 2 4 . 2 8 . 3 1 . 3 5 . 3 9 . 4 3 -!• L 5 4 . 7 4
2 0 0 . 0 8 . 1 2 . 1 6 . 2 0 . 2 4 . 2 8 . 3 3 . 3 7 . 4 1 . 4 6 . 5 1 . 5 6 . 5 2 . 6 7 . 9 5
2 4 0 . 0 7 . 1 1 . 1 6 . 2 0 . 2 5 . 2 9 . 3 3 . 3 7 . 4 1 . 4 6 . 5 1 . 5 5 . 6 2 . 6 7 . 9 5
2 8 0 . 0 4 5 . 0 7 . 0 9 . 1 1 . 1 4 . 1 7 . 2 0 . 2 3 . 2 6 . 2 9 . 3 2 . 3 5 . 3 8 4 2 . 6 4
3 2 0 . 0 3 0 . 0 4 . 0 6 .or . 1 0 . 1 2 . 1 4 . 1 6 . 1 8 . 2 0 . 2 2 . 2 4 . 2 7 . 3 0 . 4 6
3 6 0 . 0 2 0 . 0 3 2 . 0 4 4 . 0 5 5 . 0 6 9 . 0 8 5 . 1 0 . 1 1 5 . 1 3 . 1 4 5 . 1 6 . 1 7 5 1 9 . 2 1 . 3 4
4 0 0 . 0 1 6 . 0 2 6 . 0 3 6 . 0 4 7 . 0 5 C . 0 5 9 . 0 8 3 . 0 9 1 . 1 0 2 . 1 1 3 . 1 3 0 . 1 4 8 1 6 5 1 8 0 . 2 8 9
4 4 0 . 0 1 0 . 0 2 . 0 3 . 0 4 . 0 5 2 . 0 6 . 0 7 . 0 9 . 1 0 . 1 1 . 1 2 . 1 4 . 1 6 . 1 8 . 2 8 5
, 4 8 0 . 0 1 1 . 0 2 3 . 0 3 5 . 0 4 7 . 0 6 0 . 0 7 . 0 8 . 1 0 . 1 1 . 1 3 . 1 4 . 1 6 1 8 . 2 0 . 3 0
: 5 2 0 . 0 1 9 . 0 3 3 . 0 4 8 . 0 6 3 . 0 7 8 . 0 9 . 1 0 . 1 2 . 1 4 . 1 5 . 1 8 . 2 0 . 2 2 . 2 4 . 3 5
, 5 6 0 . 0 2 6 . 0 4 4 . 0 6 2 . 0 8 . 1 0 . 1 2 . 1 4 . 1 6 . 1 8 . 2 1 . 2 3 . 2 6 . 2 8 . 3 1 . 4 7
■ 5 7 0 . 0 2 7 . 0 5 . 0 7 . 0 9 . 1 0 9 • 1 3 . 1 6 . 1 9 . 2 2 . 2 5 . 2 8 . 3 1 . 3 4 . 3 7 . 5 0 8
■ 5  C O . 0 3 0 . 0 5 . 0 7 . 1 0 . 1 2 8 . 1 6 . 1 9 . 2 2 . 2 5 . 2 8 . 3 1 . 3 4 . 3 7 . 4 0 . 5 5
| 5 9 0 . 0 3 3 . 0 6 . 0 8 . 1 1 . 1 4 . 1 8 . 2 1 . 2 4 . 2 8 . 2 2 . 3 5 . 3 8 . 4 2 . 4 5 . 6 1
; 6 0 0 . 0 3 6 . 0 6  0 . 0 9 . 1 2 . 1 5 . 2 0 . 2 3 . 2 7 . 3 1 . 3 5 . 3 9 . 4 3 4 7 . 5 0 . 6 6
: s i o1 . 0 4 0 . 0 7 . 1 0 . 1 4 . 1 8 . 2 2 . 2 6 . 3 0 . 3 4 . 3 8 . 4 2 . 4 6 5 0 . 5 4 . 7 1
6 2 0 . 0 4 4 . 0 8 . 1 2 . 1 6 . 2 0 . 2 4 . 2 0 . 3 2 . 3 6 . 4 0 . 4 4 . 4 8 5 2 . 5 6 . 7 7
6 3 0 . 0 4 9 . 0 9 . 1 3 . 1 7 . 2 2 . 2 6 . 3 0 . 3 4 . 3 8 . 4 2 A '. :-o . 5 0 5 4 . 5 8 . 8 2
6 4 0 . 0 5 3 . 1 0 . 1 4 . 1 9 . 2 4 . 2 8 . 3 2 . 3 7 . 4 1 . 4 6 . 5 0 . 5 4 5 8 6 2 . 8 8
6 5 0 . 0 5 8 . 1 1 . 1 6 . 2 1 . 2 6 . 3 0 . 3 5 . 4 0 . 4 5 . 5 0 . 5 5 . 6 0 6 5 7 0 . 9 3
U o o . 0 6 3 . 1 1 . 1 7 . 2 2 . 2 0 . 3 3 . 3 0 . 4 3 . 4 8 . 5 3 . 5 8 . 6 3 6 8 7 3 1 . 0 0
, 6 7 0 . 0 6 7 . 1 2 . 1 C . 2 4 . 3 0 . 3 5 . 4 0 . 4 5 . 5 0 . 5 5 . 6  7 . 6 5 7 0 7 5 1 . 0 2
1 6 8 0 . 0 6 8 . 1 3 . 1 9 . 2 5 . 3 3 . 3 8 . 4 5 . 5 1 . 5 7 . 6 2 . 6 7 . 7 2 7 7 8 1 1 . 0 5
: 6 9 0 . 0 7 0 . 1 3 . 1 9 . 2 7 . 3 5 . 4 3 . 5 1 . 5 8 . 5 4 . 7 0 . 7 5 n• K - 8 4 C & 1 . 0 9
7 0 0 . 0 7 5 . 1 4 . 2 0 . 2 8 . 3 7 . 4 7 . 5 7 . 5 5 . 7 2 . 7 8 . 8 3 . 8 8 9 1 9 4 1 . 1 1
7 1 0 . 0 7 9 . 1 5 . 2 1 . 2 9 . 3 9 . 4 9 . 5 9 . 5 7 . 7 5 . 8 1 . 8 6 . 9 1 9 5 9 8 1 . 1 4
7 2 0 . 0 8 0 . 1 5 . 2 2 . 3 1 . 4 1 . 5 1 . 5 1 . 7 0 . 7 8 . 8 4 . 8 9 . 9 4 9 9 1 0 2 1 . 1 7
7 3 0 . 0 8 5 . 1 6 . 2 3 . 3 2 . 4 3 . 5 3 . 6 3 . 7 3 . 8 1 . 8 7 . 9 2 . 9 8 1 03 1 0 6 1 . 2 0
7 4 0 . 0 9 0 5 . 1 7 . 2 5 . 3 4 . 4 4 3 . 5 5 . 5 6 . 7 5 . 8 4 . 9 0 . 9 6 1 . 0 2 1 0 7 1 1 0 I . 2 2
7 5 0 . 0 9 5 . 1 0 . 2 6 .35 . 4 7 . 5 0 . 7 0 . 7 9 no• o o . 9 4 1 . 0 1 . 0 5 1 . 1 0 1 . 1 4 1 . 2 4
7 6 0 . 1 0 . 1 9 . 2 7 . 3 8 . 5 0 . 5 2 . 7 2 . " 0 . 8 9 . 9 5 1 . 0 1 1 . 0 6 1 1 0 1 . 1 5 1 . 2 6
7 7 0 . 1 0 9 . 2 0 . 2 9 . 4 0 . 5 3 7 . 5 4 . 7 4 . 8 2 . 9 1 . 9 5 1 . 0 2 1 . 0 7 1 1 1 1 1 6 1 . 2 7
7 8 0 . 1 1 5 . 2 1 . 3 1 . 4 2 . 5 6 . o J . 7 5 . 8 4 . 9 2 . 9 7 1 . 0 3 1 . 0 8 1 1 2 1 1 7 1 . 2 7
7 9 0 . 1 2 . 2 2 . 3 2 . 4 4 . 5 8 . 6 8 . 7 8 .86 . 9 3 . 9 8 1 . 0 4 1 . 0 9 1 1 3 1 1 7 1 . 2 8
C O O . 1 3 0 . 2 4 0 . 3 4 . ! A j  ^ . 7 0 . 8 0 . 8 8 . 9 4  1 . 0 1 . 0 5 1 . 1 0 1 1 4 1 1 8 1 . 2 7 5
C I O . 1 3 . 2 4 . 3 4 . 4 5 . 5 9 . 7 0 . 8 0 no• t U . 9 4  1 . 0 1 . 0 5 1 . 1 0 1 . 1 4 I 1 8 1 . 2 7
C 4 0 . 1 5 . 2 3 .33 . 4 4 . 5 8 . 5 7 . 7 5 .84 . 9 0 . 9 5 1. 0 0 1 . 0 5 1 o r 1 1 2 1. 2 2
8 8 0 . 1 5 . 2 3 . 3 2 . 4 2 . 5 3 .63 . 7 2 . 7 9 . 8 5 . 9 0 . 9 5 1 . 0 1 0 3 1 . 0 5 1. 1 4
9 2 0 . 1 2 . 1 9 . 2 6 . 3 4 . 4 2 . 5 0 . 5 7 . 6 3 . 5 8 . 7 2 . 7 6 . 8 0 83 8 5 . 9 7
9 6 0 . 0 9 . 1 4 . 2 0 . 2 6 . 2 8 . 3 7 . 4 3 . 4 8 . 5 2 . 5 5 . 5 7 . 6 7 6 3 6 5 . 7 4
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Interpolated Values of Q
(continued) a s
TABLE I V - i 9
v / a 1 1 . 5 2 2 . 3 3 3 . 5 4
1 0 0 0 . 0 6 0 . 1 0 . 1 4 . 1 0 . 2 1 7 . 2 5 . 2 9
1 0 4 0 . 0 6 . 0 9 . 1 2 . 1 5 . 1 0 . 2 1 . 2 4
1 0 G J . 0 6 . 1 0 . 1 3 . 1 6 . 2 0 . 2 3 . 2 7
1 1 2 0 . 0 6 . 1 1 . 1 4 . 1 0 . 2 3 . 2 5 . 2 9
1 1 6 0 . 0 7 . 1 1 . 1 5 . 1 9 . 2 3 . 2 6 . 3 1
1 2 0 0 . 0 7 0 . 1 1 . 1 6 . 2 0 . 2 4 . 2 3 . 3 3
1 2 4 0 . 0 7 . 1 2 . 1 7 . 2 2 . 2 6 . 3 0 . 3 5
1 2 0 0 . 0 0 . 1 3 . 1 0 . 2 3 . 2 0 . 3 2 . 3 6
1 3 2 0 . O S . 1 4 . 1 9 . 2 4 . 3 0 . 3 4 . 3 0
1 3 6 0 . 1 0 . 1 5 . 2 9 . 2 5 . 3 2 . 3 7 . 4 2
1 4 0 0 . 1 1 . 1 7 . 2 3 . 2 9 . 3 5 . 4 1 . 4 6
1 4 4 0 . 1 2 . 1 0 . 2 5 . 3 2 . 3 9 . 4 5 . 5 1
1 4 0 0 . 1 4 . 2 1 . 2 0 . 3 5 . 4 3 . 4 9 . 5 5
1 5 2 0 . 1 4 . 2 1 . 2 0 . 3 5 . 4 4 . 5 2 . 5 0
1 5 6 0 . 1 5 j . 2 2 5 . 3 . . 3 7 5 . 4 6 0 . 5 4 . 6 0
1 6 0 0 . 1 6 5 . 2 5 . 3 3 . 1 . 5 0 . 5 7 . 6 3
1 0 0 0 . 0 7 . 1 1 . 1 5 . 2  ) . 2 5 . 3 0 0 . 3 4
2 0 0 0 . 0 4 9 . 1 C . 1 1 . 1 4 . 1 7 3 . 2 0 . 2 2
2 2 0 0 . 1 2 5 . 2 0 . 2 7 . 3 4 . 4 2 0 . 4 0 . 5 4
4.5 5 5.5 3 6.5 7 7.5 10
.33 .36 .39 .42 .45 .47 .50 .608
.27 .30 .33 .36 .39 .42 .45 .55
.30 .33 .36 .39 .42 .45 .40 .58
.32 .35 .39 .42 .45 .40 .51 .65
.34 .37 .41 .44 .47 .50 .53 .65
.36 .39 .43 .46 .49 .52 .55 .68
.38 .41 .46 .49 .52 .55 .58 .71
.40 .44 .49 .52 .55 .50 .61 .74
.42 .47 .52 .55 .50 .51 .64 .77
.46 .51 .56 .59 .62 .66 .59 .01
.51 .55 .60 .64 .67 .71 .74 . 06
.56 .61 .65 .69 .72 .76 .79 .91
.60 .65 .69 .73 .77 .00 .03 .95
.33 . 50 .72 .76 Ci •> • OJ .03 .06 .975
.65 .70 .74 .70 • 82 • 85 .00 .905
.60 .73 .77 .02 . 06 .89 .92 1.03
.30 .42 .45 .49 .52 .55 .50 .67
.25 .20 .31 .33 .36 .30 .41 .506
.59 .64 .50 . 7 2 .76 .79 . 0 2 .920
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TABLE IV  -  20
Interpolated Values of 0
sea
vxa ly 1-.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 10
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 .01 ,01 .0 .0 0 .0 .01 .01 .01 .01 0
80 .01 .01 .01 .01 .01 .01 .01 .01 .02 .01 .01 .02 .02 .02 .03
120 0 0 0 0 0 .01 .02 .03 .04 .05 .06 .07 .08 .09 •12,160 0 .01 .01 .01 .01 .02 .05 .07 .10 .12 .14 .16 .17 .17 .281
200 0 .01 .02 .04 .06 .10 .13 .17 .21 .24 .27 .30 .32 .35 .45,
240 0 0 0 .01 .01 .05 .10 .15 .20 .24 .28 .32 .35 .39 .55
*280 0 0 .01 .01 .01 .06 .12 .18 .24 .30 .36 .42 .48 .53 .76'
320 0 .01 .01 .01 .01 .02 .04 .08 .12 .20 .28 .36 .43 .50 1.04
360 0 .01 .02 .02 .03 .05 .07 .12 .16 .25 .34 .44 .53 .62 1.38
400 0 .01 .02 .04 .06 .08 .13 .20 .29 .40 .53 .64 .76 .89 1.69
440 .00 .02 .04 .06 .09 .14 .21 .29 .40 .53 .68 .82 .96 1.10 2.04
480 .01 .04 .07 .09 .12 .19 .28 .38 .51 .65 .83 1.00 1.17 1.24 2.50
*520 .0 .04 .07 .12 .16 .23 .32 .42 .54 .71 .90 1.13 1.36 1.59 3-05
560 .0 .06 .12 .18 .24 .32 .42 .54 .68 .83 1.02 1.24 1.49 1.75 3.18
570 .0 .06 .12 .18 .26 .36 .47 .60 .75 .92 1.12 1.35 1.65 1.85 3.23
|580 .01 .07 .14 .20 .26 .38 .50 .65 .82 1.01 1.21 1.44 1.69 1.92 3.20;
j590 .01 .07 .15 .22 .29 .41 .54 .70 .89 1.18 1.30 1.52 1.74 1.97 3.14!
600 .0 .09 .17 .25 .32 .23 .58 .75 .96 1.17 1.38 1.59 1.80 2.02 3.10'
;610 .01 .09 .18 .26 .34 .47 .62 .80 1.01 1.22 1.43 1.64 1.85 2.06 3.04
1620 .01 .09 .18 .27 .36 .51 .67 .86 1.07 1.28 1.49 1.70 1.91 2.12 2.96
|630 0 .10 .20 .30 .39 .54 .72 .92 1.13 1.34 1.55 1.76 1.97 2.18 2.09
'640 .01 .09 .19 .31 .41 .57 .77 .96 1.17 1.37 1.58 1.79 2.00 2.21 2.81
i650 0 .11 .22 .33 .44 .60 .80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.73
|660 0 .12 .23 .35 .47 .64 .84 1.04 1.24 1.44 1.69 1.84 2.04 2.23 2.63
;670 0 .12 .24 .37 .51 .69 .89 1.09 1.29 1.49 1.69 1.89 2.09 2.27 2.54
680 0 .13 .27 .42 .55 .73 .91 1.10 1.29 1.49 1.69 1.89 2.09 2.28 2.43,
690 .01 .15 .30 .43 .57 .75 .92 1.10 1.29 1.48 1.68 1.88 2.09 2.28 2.261
700 .01 .16 .33 .48 .63 .78 .93 1.10 1.28 1.47 1.67 1.87 2.09 2.26 2.141
710 .01 .16 .34 .50 .65 .84 1.00 1.17 1.34 1.53 1.73 1.93 2.13 2.29 2.01,
;720 .01 .18 .36 .53 .69 .90 1.07 1.23 1.40 1.59 1.79 1.99 2.17 2.31 1.91
730 .01 .19 .38 .56 .74 .95 1.13 1.29 1.46 1.65 1.85 2.04 2.20 2.33 1.82
740 .02 .22 .43 .63 .82 .99 1.18 1.34 1.51 1.70 1.89 2.08 2.23 2.35 1.76
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TABLE IV  - 20
Interpolated Values ol Q 
(continued)
1 ,/a IVI .s' I 2.5 3 T .S - 5" ■zry'
. .  5 _.
5.5 6 6.5 7 7.5 lq
i 750 .02 .23 .45 .66 .86 1.03 1.23 1.43 1.63 1.85 2.05 2.25 2.35 2.36 1.68
j 760 .02 .24 .47 .68 .88 1.08 1.30 1.54 1.77 2.03 2.24 2.39 2.40 2.30 1. 63j
. 770 .02 .25 .49 .71 .90 1.11 1.33 1.57 1.80 2.07 2.28 2.40 2.36 2.14 1.5q
* 780 .02 .25 .47 .69 .88 1.09 1.31 1.55 1.79 2.06 2.27 2.39 2.35 2.13 1.60
1 790 .02 .24 .46 .66 .85 1.07 1.29 1.53 1.78 2.05 2.26 2.38 2.34 2.13 1.60
800 .02 .23 .45 .65 .84 1.05 1.27 1.51 1.77 2.03 2.25 2.37 2.33 2.12 1.62
810 .03 .22 .42 .62 .79 .99 1.20 1.43 1.67 1.91 2.20 2.35 2.36 2.27 1.65
, 840 .01 .19 .35 .50 .62 .79 .95 1.11 1.27 1.42 1.55 1.66 1.75 1.78 1.78
! 880 0 .12 .24 .35 .45 .56 .68 .82 .97 1.13 1.29 1.45 1.63 1.82 1.84
920 .01 .07 .13 .18 .24 .30 .37 .45 .54 .64 .74 .84 .95 1.07 1.67
960 0 .02 .04 .07 .14 .16 .21 .27 .34 .42 .51 .59 .67 .76 1.26
1000 0 .03 .05 .08 .11 .19 .26 .33 .41 .49 .57 .65 .74 .82 1.13
i 1040 0 .04 .09 .14 .19 .29 .39 .49 .59 .70 .81 .92 1.03 1.14 1.75
! 1080 0 .05 .11 .18 .24 .36 .47 .59 .71 .83 .95 1.07 1.19 1.31 2.oq
; 1120 .02 .07 .15 .22 .29 .43 .55 .68 .81 .93 1.06 1.19 1.32 1.45 2.li
, 1160 .01 .09 .18 .26 .35 .49 .61 .75 .89 1.02 1.15 1.28 1.41 1.54 2.22'
1 1200 .01 .10 .19 .28 .38 .51 .63 .77 .91 1.04 1.10 1.32 1.46 1.60 2.27
! 1240 .03 .12 .20 .29 .40 .53 .65 .79 .93 1.05 1.19 1.33 1.47 1.61 2.29
' 1280 .02 .12 .22 .32 .43 .54 .65 .76 .87 .97 1.09 1.21 1.33 1.45 2.28
j 1320 .02 .13 .24 .35 .46 .58 .70 .82 .93 1.04 1.17 1.30 1.43 1.56 2.26i
’ 1360 .02 .14 .26 .38 .50 .63 .76 .90 1.03 1.16 1.31 1.46 1.60 1.75 2.21
j 1400 .03 .15 .27 .40 .53 .66 .80 .94 1.08 1.23 1.38 1.54 1.69 1.85 2*13;! 1440 .03 .16 .29 .42 .55 .69 .83 .98 1.13 1.29 1.45 1.62 1.78 1.95 2.04!
' 1480 .03 .16 .30 .44 .57 .72 .87 1.03 1.19 1.36 1.53 1.70 1.88 2.06 1.95!
. 1520 .04 .19 .34 .48 .62 .76 .92 1.09 1.26 1.44 1.62 1.80 1.99 2.18 1. 921
. 1560 .04 .20 .35 750 .66 .81 .98 1.16 1.34 1.53 1.72 1.91 2.11 2.31 1.88
] 1600 .05 .21 .39 .57 .74 .87 1.07 1.28 1.49 1.71 1.92 2.14 2.37 2.58 1.76
i 1800 .06 .29 .52 .74 .96 1.18 1.41 1.64 1.87 2.10 2.34 2.58 2.82 2.92 2.31
2000 .11 .43 .76 1.10 1.44 1.78 2.13 2.47 2.81 3.15 3.07 2.86 2.42 2.09 1.88
[2200 .18 .51 1.00 1.42 1.83 2.26 2.69 2.86 2.86 2.77 2.53 2.24 1.96 1.68 1• 17;
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2 El^CJ IP(a)Qaj)g(a)ira2nd2). Let Pa(a) be the size distribution and 
ng thedumber density for distribution a and P^(a) and n^ be the corre­
sponding quantities for distribution b. Define two functions, 
ka = EQabs (a)Pa(a)ira2 and k^ 3 ^ a b s ^  ^ b ^ " 32* suck tkat
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It is now possible to compute the ice transmissivity, x. (23,2 )^ ®
t . * 2Ei, ice 3
z2
(naka+ V b)dz 
Z1
Since we will be considering only cases in which neither ng nor n^
changes with height (except to go to zero at the top of the scattering
layer), t^cg = 2Ei^((naka+ nbkjJ)Az). Normally either na or n^ will
equal zero throughout the sounding.
Columns 2 and 3 of Table IV-21 give values of ka and respectively
for each wave number interval; Table IV-22 gives values of 2Ei^(x).
The values in IV-22 are in part taken from Elsasser (1942) and in part
2
computed from the formula 2Ei^(x) = exp(-x) -x exp(-x) + x Ei^(x)
(Dwight, 1961, 568.3) using values of Ei (^x) obtained from Jahnke and 
Emde (1945).
c. <cos 6>. Irvine and Pollack (1968) give values for <cos 0> =
2n $(6) cos8sin8d6. From equation 2-26 we have 6(a) =
o
11
4 ( $(0) Q (a)rra20sin0d8 = Q (a)ira2 2ir| $(0) ~  sin0d0 j sea sea j tr
o
^ s c a ^ 118 < tt > . Sagan and Pollack (1967) use (l-<cos0>) in
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Absorption and Backscatting Coefficients, in cm /m
Table IV-21
3
I v k x 106 k. x 106 fix 106 R x 106a d a b
1 10 0 0 0 0
2 40 .069 .206 .036 .12
3 80 .118 .646 .168 .39
4 120 1.48 4.41 .106 .75
5 160 2.71 8.18 .355 1.81
6 200 3.76 10.95 .99 4.11
7 240 3.78 11.02 .53 3.19
8 280 2.21 6.68 .67 3.87
9 320 1.53 4.66 .32 2.35
10 360 1.09 3.33 .58 3.20
11 400 .886 2.71 .92 5.05
12 440 .779 2.51 1.45 6.74
13 480 .897 2.87 2.04 8.62
14 520 1.16 3.61 2.30 9.48
15 560 1.54 4.74 3.19 11.64
16 570 1.74 5.52 3.42 12.63
17 580 1.97 6.29 3.67 13.33
18 590 2.20 6.83 3.89 14.11
19 600 2.43 7.80 4.26 15.07
20 610 2.74 8.61 4.48 15.77
21 620 3.05 9.27 4.72 16.58
22 630 3.29 9.86 4.98 17.32
23 640 3.57 10.68 5.10 17.69
24 650 3.92 11.69 5.45 18.19
25 660 4.20 12.49 5.67 18.67
26 670 4.47 13.12 5.88 19.28
27 680 4.87 14.54 6.25 19.73
28 690 5.29 16.12 6.38 19.69
29 700 5.73 17.73 6.63 19.86
30 710 5.97 18.42 6.90 20.60
31 720 6.23 19.18 7.26 21.42
32 730 6.49 19.94 7.61 22.15
33 740 6.85 20.83 8.12 22.88
34 750 7.23 21.86 8.41 23.89
35 760 7.50 22.38 8.72 24.89
36 770 7.84 23.04 8.90 25.05
37 780 8.16 23.61 8.60 24.29
38 790 8.43 24.14 8.31 23.63
39 800 8.75 24.70 8.07 22.97
40 810 8.72 24.65 7.59 21.83
41 840 8.40 23.63 5.98 16.18
42 880 7.98 22.31 4.14 12.04
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Table IV-21 (Cont'd)
Absorption and Backscattering Coefficients, in cm^/m
I V k x 106 a
kbXlO6 X 106a
Bb x 106
43 920 6.39 17.83 2.16 6.34
44 960 4.77 13.36 1.03 3.66
45 1000 3.32 9.43 1.17 4.03
46 1040 2.79 7.95 1.77 5.77
47 1080 3.07 8.72 2.14 6.83
48 1120 3.35 9.44 2.55 7.66
49 1160 3.52 9.90 2.83 8.14
50 1200 3.73 10.44 2.93 8.40
51 1240 3.99 11.13 3.02 8.39
52 1280 4.21 11.76 3.11 8.10
53 1320 4.45 12.45 3.31 8.63
54 1360 4.81 13.49 3.52 9.25
55 1400 5.36 14.81 3.69 9.59
56 1440 5.89 16.19 3.76 9.72
57 1480 6.47 17.46 3.77 9.80
58 1520 6.68 18.19 4.02 10.34
59 1560 6.99 18.84 4.06 10.44
60 1600 7.51 19.92 4.28 10.99
61 1800 3.78 10.94 5.44 13.70
62 2000 2.59 7.39 7.89 19.95
63 2200 6.30 17.13 9.27 20.87
_. J
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Transmission functions for flat (t^ ) and spherical (T ) 
black body aerosols. Not including radiation from the 
________________ aerosol particles.____________________
x e X 2Ei^(x) x e X 2Ei,j(x)
T a b le  IV -2 2
.001 .99900 .998007 .30 .74082 .600087
.002 .99800 .996027 .31 .73345 .590792
.003 .99700 .994056 .32 .72615 .581672
.004 .99601 .992105 .33 .71892 .572727
.005 .99501 .990153 .34 .71177 .563947
.006 .99402 .988226 .35 .70469 .555338
.007 .99302 .986284 .36 .69768 .546890
.008 .99203 .984367 .37 .69073 .538574
.009 .99104 .982457 .38 .68386 .530430
.010 .99005 .980553 .39 .67706 .522428
.02 .98020 .961753 .40 .67032 .514576
.03 .97045 .944000 .41 .66365 .506853
.04 .96079 .926649 .42 .65705 .499277
.05 .95123 .909833 .43 .65051 .491827
.06 .94176 .893517 .44 .64404 .484608
.07 .93239 .877662 .45 .63763 .477320
.08 .92312 .862242 .46 .63128 .470263
.09 .91393 .347217 .47 .62500 .463326
.10 .90484 .832585 .48 .61878 .456504
.11 .89583 .818308 .49 .61263 .449802
.12 .88692 .804387 .50 .60653 .443215
.13 .87810 .790799 .51 .60050 .436723
.14 .86936 .777522 .52 .59452 .430353
.15 .86071 .764554 .53 .53360 .424114
.16 .85214 .751874 .54 .58275 .417947
.17 .34366 .739478 .55 .57695 .411906
.18 .83527 .727359 .56 .57121 .405937
.19 .82696 .715501 .57 .56553 .400105
.20 .81873 .703892 .53 .55990 .394342
.21 .81058 .692474 .59 .55433 .333654
.22 .80252 .681403 .60 .54881 .3S3108
.23 .79453 .670502 .61 .54335 .377639
.24 .73663 .659828 .62 .53794 .372246
.25 .77880 .649369 .63 .53259 .366931
.26 ,77105 .639117 .64 .52729 .361833
.27 .76333 .629066 .65 .52205 .356576
.28 .75578 .619214 . 66 .51635 .351537
.29 .74826 .609554 .67 .51171 .346584
!
I
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Table IV-22
(continued)
X -xe 2 Eij(x) X -xe 2 Ei^ (x)
.68 .50662 .341668 1.6 .20190 .099814
.69 .50158 .336884 1.7 .18268 .087863
.70 .49659 .332139 1.8 .16530 .077420
.71 .49164 .327480 1.9 .14957 .068269
.72 .48675 .322862 2.0 .13534 .060260
.73 .48191 .318336 2.1 .12246 .053513
.74 .47711 .313902 2.2 .11080 .047040
.75 .47237 .309511 2.3 .10026 .041587
.76 .46767 .305217 2.4 .09072 .036806
.77 .46301 .300963 2.5 .08208 .032567
.78 .45841 .296816 2.6 .07427 .028874
.79 .45384 .292709 2.7 .06721 .025565
.80 .44933 .288650 2.8 .060809 .022726
.81 .44486 .284633 2.9 .055024 .020090
.82 .44043 .280728 3.0 .049786 .017788
.83 .43605 .276872 3.1 .045049 .015816
.84 .43171 .273063 3.2 .040761 .014057
.85 .42741 .269302 3.3 .036883 .012515
.86 .42316 .265590 3.4 .033373 .011113
.87 .41895 .262006 3.5 •030198 .008791
.88 .41478 .258397 3.6 .027324 .008791
.89 .41066 .254842 3.7 .024724 .007829
.90 .40657 .25141S 3.8 .022371 .006962
.91 .40252 .247972 3.9 .020242 .006199
.92 .39852 .244582 4.0 .018316 .005517
.93 .39455 .241249 4.1 .016573 .004921
.94 .39063 .237964 4.2 .014995 .004387
.95 .38674 .234764 4.3 .013569 .003908
.96 .38289 .231615 4.4 .012277 .003482
.97 .37908 .228532 4.5 .011109 .003097
.98 .37531 .225421 4.6 .010052 .002769
.99 .37158 .222376 4.7 .009095 .0024655
1.00 .36788 .2194 4.8 .008230 .002204
1.1 .33287 .191773 4.9 .007447 .001955
1.2 .30119 .167858 5.0 .006738 .001748
1.3 .27253 .147236 6. .002479 .000570
1.4 .24660 .129112 7. .000912 .000188
1.5 .22313 .113435 8. .000335 .0000627
9. .000123 .00002116
10 .0000454 .0000071
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a manner similar to our There are obvious similarities between
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IT IT
2tt j 4(0) ~  sin0d0 and ^ l-cos0^ = 2tt $(0)[l-cosoj sin0d0 =
(l-<cos0>). The last equality results from the normalization condition on 
4(0) defined on page 15. Both functions give a weight of 2 to the 
backward scattered light and 0 to forward scattering. (1-<cos0>) gives 
somewhat more weight to light scattered at a small angle from 180° and 
less to light scattered nearly forward than does o u r ^ ^ ,  and 
will thus have somewhat larger values than ^ l-cos0^ for a forward peaked 
scattering diagram. However, if 4(0) does not vary too much with 
refractive index it should be possible to obtain a relationship between 
^■jp-^and ^cos0^ which will be valid to the accuracy we need. Samuelson
(1969) has in fact demonstrated how little the form of $(0) depends on 
refractive index. We can thus make the assumption that a given value 
of ^cos0^ corresponds to a given shape of 4(0) and hence to a given 
value of . On this assumption values of 4(0) were scaled from 
van de Hulst's (1957) Figure 25 with a refractive index of 1,33 and 
used for numerical computation of both^~^and ^cos0^ • Values for 
small 2irav were obtained from the Rayleigh-Gans formula for spheres 
(van de Hulst, 1957, p. 89) while a point for <cos0> * .96 was obtained
1 * < COS 0 ^  ^  o /
from the Henyey-Greenstein phase function <j>Hr=  ~  *2
(1+<cos0>2-2<cos0>cos0)
(Irvine, 1968).
The resulting values of <cos0> and^-p^are shown plotted against 
each other in Figure IV—17; the data are well approximated by the three
straight line segments shown in Figure IV-17, As anticipated the
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<COS 9 >
H*
4>
IV—17 Relationship between the flux backscatter factor, ^20 ^  , 
and the asymmetry factor, < cos 0 >.
resulting curve is convex upward, but fairly smooth, with the equations 
being :
-  < * > ■ -  .74<cos0>, 0 < <cos0> <.7; (4—17)
<cos0>, .7 < <cos0> <.87; and
145
). ( j r ) a 1.29-1.11
<cos0>, .87 < <cos0> ,
The equations (Fig. 4.17) plus values of <cos0> scaled from Figure
• i / 2 \
“ <?>
IV-12, were used to obtain the values o f ^ ~ )  given in Table IV-23 for 
a * lp, 3p, and lOp. Values of(— ) other
than 1, 3 and lOp were interpolated from these on the assisnption that
the major feature of the curve is upward concavity to about/— \  = 5,
/2e\ '
followed by an assymptotic approach to / —  \ = ,95. Minor variations in
the assymptotic approach will again be neglected.
We can now define
0a * Z<Pa(a)*a2Qsca( a ) ^ ^ ( a )  and Bb = rPb(a)na2Qsca(a) (a).
These values were computed from Tables IV-11, IV-20 and IV-23 to give 
columns 4 and 5 of Table IV-21.
Figure IV-18 shows the final values of k and 0_ as functions ofa a
wave number, while Figure IV-19 gives similar results for kb and Bb. 
Comparison of these curves with those in Figure IV-1 indicate that 
the region from 800-900 an'*' will probably provide the greatest contri­
bution from ice crystal effects. It is reassuring to note that the 
general shapes of the curves agree well with those of Deirmendjian 
(1960).
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Values
v /a 1 1 . 5 2 2.5 3
1 0 1 1 1 1 1
40 1 1 1 1 1
CO 1 1 1 1 1
1 2 0 1 1 .999 .997 .993
150 C'O,• J  j  J .990 .996 .993 .993
2 0 0 . JV i . 9 9 5 . 9 9 1 .907 A A A
24 j .99/ . 9 9 1 .905 .970 .971
280 .996 .987 .978 .969 .960
320 .994 .983 .972 .961 .950
360 .993 .979 .965 .951 .937
400 .992 .974 .956 .938 .919
, 440 .990 .968 .946 .923 .900
! 480 .987 .961 .935 .909 .882
520 .984 .953 .922 .891 .859
560 .982 .955 .918 .871 .833
570 .981 .943 .905 .866 .827
580 .980 .941 .901 .861 .821
590 .980 .939 .898 .857 .815
600 .979 .937 .894 .851 .800
610 .978 .933 .88 8 .843 .798
( 620 .978 .931 .884 .836 .788
‘ 630 .977 .928 .878 .828 .778
640 .976 .925 .872 .820 .767
650 .975 .921 .866 .811 .756
660 .974 .917 .859 .801 .744
670 .973 .913 .852 .792 .732
680 .972 .909 .846 .783 .720
. 690 .971 .905 .839 .773 .707
700 .970 .901 .832 .763 .694
! 710 .970 .898 .826 .754 .681
' 720 .969 .894 .819 .744 .669
730 .969 .891 .813 .735 .657
. 740 .968 .888.807 .726 .645i 750.967 .885 .802 .719 .636
' 760 .967 .883 .798 .713 .628
770 .966 .880 .794 .708 .621
780 .965 .878 .790 .702 .614
790 .964 .875 ,786 .697 .607
800 .963 .873 .782 .691 .600
810 .963 .870 .777 .685 .595
840 .961 .867 .773 .679 .585
880 .959 .862 .766 .671 .575
! 920 .957 .858 .760 .663 .568
960 .953 .853 .754 .655 .560jioo.950 .049 ,748 .647 ,545
i
TABLE IV-23
of <2£>ir used in compuiia
3.5 4 4.5 5 5.5
1 1 1 1 1
1 1 1 1 1
1 1 1 1 .999
.989 .984 . 97G .972 .966
.979 .960 .957 . 9 4 5 .935
. 9 5 4 .946 .927 .900 A O  A. uo>
. 9 4 6 .921 . C 9 6 .070 .044
.929 .898 .867 .836 .805
.919 .888 .857 .826 .795
.906 .875 .843 .811 .779
.887 .855 .822 .789 .756
.866 .832 .798 .764 .730
.848 .814 .780 .746 .711
.825 .791 .757 .723 .689
.799 .765 .732 .699 .666
.793 .760 .727 .694 .661
.788 .755 .722 .689 .656
.782 .749 .716 .683 .650
.775 .742 .709 .677 .645
.766 .734 .702 .670 .638
.756 .725 .694 .663 .632
.747 .716 .685 .654 .624
.737 .707 .677 .647 .617
.727 .698 .669 .640 .611
.715 .687 .659 .631 .603
.705 .678 .651 .624 .597
.694 .668 .643 .618 .593
.683 .659 .635. .611 .587
.671 .648 .625 .603 .581
.660 .639 .618 .597 .576
.649 .629 .609 .589 .569
.638 .619 .600 .581 .562
.627 .609 .591 .573 .555
.618 .600 .582 .564 .546
.610 .592 .574 .556 .538
.603 .585 .567 .549 .531
.595 .576 .557 .538 .519
.588 .569 .550 .531 .512
.580 .560 .541 .522 .503
.575 .555 .535 .515 .495
.563 .541 .519 .497 .475
.551 .527 .504 .481 .458
.541 .514 .487 .460 .433
.531 .502 .473 .444 .415
.516 .482 .458 J*Z9 -400
cions
6 6.5 7 7.5 10
1 1 1 1 1
1 1 1 1 .993
.990 .996 .994 .990 .967
.960 .953 . 9 4 7 .941 .913
. 924 .913 .902 .091 .033
.070 .051 .032 .013 .719
A  I O
. u U .792 . 7 6 6 .740 .612
.774 .743 .712 .681 .526
.763 .731 .699 .667 .512
.747 .715 .683 .651 .493
.723 .690 .657 .624 .460
.696 .662 .628 .594 .423
.676 .641 .606 .571 .399
.655 .620 .586 .552 .380
.633 .600 .567 .534 .367
.628 .595 .562 .529 .363
.623 .590 .557 .524 .359
.618 .586 .554 .522 .356
.613 .581 .549 .517 .353
.606 .575 .544 .513 .352
.601 .570 .539 .508 .351
.594 .564 .534 .504 .350
.587 .558 .529 .500 .350
.582 .553 .524 .495 .350
.575 .547 .519 .491 .351
.571 .545 .519 .493 .358
.568 .543 .518 .493 .367
.563 .540 .517 .494 .374
.559 .537 .515 .493 .380
.555 .534 .513 .492 .388
.550 .531. .512 .493 .393
.543 .525 .507 .489 .393
.537 .519 .501 .482 .394
.529 .512 .495 .478 .393
.520 .502 .485 .468 .382
.513 .495 .477 .459 .373
.500 .481 .462 .443 .353
.493 .474 .455 .436 .343
.484 .465 .446 .427 .333
.475 .455 .435 .415 .320
.453 .431 .409 .387 .280
.435 .412 .389 .366 .251
.406 .379 .352 .325 .190
.386 .357 .328 .300 .160
.371 ,342 .314 .286 .147
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TABLE IV -23
Values of<— > used in computations 
_____________ (continued)_________
v/a 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 10 !
1040 .945 .042 .736 .632 .520 .494 .468 .442 .416 .390 .364 .330 .312 .206 .160
1080 .942 .034 .724 .617 .497 .473 .449 .425 .401 .377 .353 .329 .305 .201 .160
1120 .937 .826 .713 .602 .403 .460 .437 .414 .391 .368 .345 .322 .299 .276 .160
1160 .932 .010 .702 .507 .460 .430 .415 .394 .372 .350 .329 .308 .207 .266 .160
1200 .920 .810 .691 .572 .453 .432 .411 .390 .369 .340 .327 .306 .205 .264 . 160
1240 .922 .003 .604 .563 .440 .419 .390 .377 .356 .335 .314 .293 .273 .253 .153
1200 .916 .796 .676 .555 .433 .412 .391 .370 .350 .330 .310 .290 .270 .250 .150
1320 .911 .790 .669 .547 .427 .405 .305 .364 .343 .323 .303 .283 .263 .243 .143
1360 .904 .703 .661 .539 .417 .397 .377 .357 .337 .317 .297 .277 .250 .239 .143
1400 .900 .777 .654 .531 .407 900 • JOO .369 .350 .331 .312 .293 .274 .255 .236 .143 i
1440 .093 .760 .642 .510 .393 .375 .357 .339 .321 .303 .205 .267 .249 .231 .141 |
1400 .805 .759 .530 .505 .300 .362 .344 .326 .300 .290 .272 .254 .236 .210 .141 ;
1520 .079 .750 .619 .492 .367 .350 .333 .316 .299 .202 .265 .269 .253 .237 .140 !
1560 .070 .741 .600 .478 .353 .337 .321 .305 .290 .275 .260 .245 .230 .215 .140 1
1600 .065 .731 .597 .464 .331 .317 .303 .209 .275 .261 .247 .233 .219 .205 .140
1000 .005 .702 .569 .436 .303 .294 .205 .276 .267 .250 .249 .241 .233 .225 .185
2000 .706 .663 .540 .417 .295 .293 .291 .209 .207 .205 .203 .202 .201 .200 .275
2200 .730 .615 .501 .307 .273 .272 .271 .271 .270 .270 .259 .269 .268 .268 .267
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IV-18 Absorption and flux backscatter coefficients for ice crystal size 
distribution j i ,  1 crystal/cm^.
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IV—19 Absorption and flux backscatter coefficients for ice crystal size 
distribution ib, 1 crystal/cm-^. Note change in vertical scale from IV-18.
The value of
dintice
dz
z=z0
150
, for use in computing tc, may now readily
be seen from Table IV-22 to be equal to 2(kflna+ ^ n b), while $ is equal 
to na3a+ nb8b.
6. Probable Errors in k and 0
We fully realize that our values for Qe x t » Qaljs and are 
subject to considerable error, due both to the uncertainties in the 
optical constants used by Irvine and Pollack and to the interpolation 
procedures. In addition, the size distributions and number densities 
used are based on thoroughly inadequate data samples.
Random errors in the parameters mentioned above, which include 
interpolation errors in Q^g aad possibly some optical constant errors, 
will tend to be cancelled out by the initial integration over crystal 
size and the integration of the flux over wave number. Estimated 
errors of 2 to 5 percent in the interpolated values of Qajjg (+ 1 In the 
tabulated values) are probably reasonable enough, considering the 
method of Interpolation. These would give errors of around + .1 x 
IO' 6 cm^ m“l in kfl and kb. (Absolute errors for wave numbers 10, 40 
and 80 cm * are smaller).
The interpolation errors in Qe x t are not random, as the
interpolations are roughly linear and the true curves are not. To 
some extent this will be compensated for by the fact that Qext Is 
concave upward where / is concave downward and vice versa. To gain
\ 7
some idea of the actual error in 8, we used an interpolation procedure
similar to that used for Q ■ (section 5b) which Includes a visualabs .
) and/- 
*sca \. nestimate of curvature effects. Values of Q0„a n d f o r  one wave
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number interval were obtained by this technique. 8a and 8^  were 
computed from these, and the results were compared with those from 
Table IV-21. The interval centered at 840 cm  ^was chosen for the 
comparison because it is one of the intervals where the effects of ice 
fog were expected to be most prominent. Figure IV-20 shows the 
graphically interpolated values as lines, and the linearly inter­
polated values from Tables IV-20 and IV-23 as dots. The graphical 
values of Ba and Bj, are 5.10 x 10  ^and 15.19 x 10”  ^respectively, 
compared with linear-interpolation values of 5.98 x 10”  ^and 16.18 x 
10”6. This suggests that errors in Ba and B^  are of the order of 
+ 1 x 10"6, ie., + 10 to 20%.
The effect of size distributions ji and b^ on the absorption and 
backscatter coefficients is shown in Figures IV-21 and IV-22 respec­
tively, again for v = 840 cm” .^ As can readily be seen, the few large 
crystals contribute disproportionately large shares of both absorption 
and flux backscatter. A relatively small change in the upper end 
of either size distribution would result in considerable changes in 
the appropriate k and 8. Such changes, together with changes in 
crystal number densities, produce effects which, while certainly not 
"errors", would completely swamp the e r r o r s  contributed by the inter­
polation techniques. All available evidence indicates that size dis­
tributions a and/or b will occur in some ice fogs, and are as typical 
as any others available of widespread and city fogs respectively. Flux 
values obtained using these distributions and various number densities 
will give a good idea of the types of cooling rates to be expected for 
ice fogs in general, even though they will not be exact for any partic­
ular fog.
151
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
0 4  6
P A R T I C L E  R A D I U S ,  m
8 10
IV-20 Error estimate for 2. Light lines are graphically interpolated
vales for ( 29*) and 0 : heavy curves is resultant value of their
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IV-21 Relative contributions of various particle sizes to total absorption 
and backscatter at 840 cm~l, distribution _a. Bar graph shows assumed size 
distribution, (right hand scale), dotted line shows size distribution 
weighted by geometrical cross sections, solid line, the Mie absorption, 
and dashed line, the flux backscatter.
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ission. IV-22 Relative contributions of various particle sizes to total absorption 
and backscatter at 840 cm , distribution Is. Bar graph shows assumed size 
distribution, (right hand scale), dotted line shows size distribution 
weighted by geometrical cross sections, solid line, the Mie absorption, 
and dashed line, the flux backscatter. ■
One error which is not swamped by natural variability is that of 
the ratio of $ to k. This will produce a similar proportional error 
in s.
E. Experimental Data
There are two types of data which might be used to check our 
theoretical results— temperature changes and radiometer records.
Rawinsonde data generally lack the low altitude resolution neces­
sary to see the types of changes for which we are looking. Under 
extreme conditions (e.g., December 27-29, 1961), they can record temper­
ature minima aloft within the first hundred meters of the ground. 
Temperature records are also available from several fifteen meter towers 
in the Fairbanks area at some times, but are not used in this thesis.
Radiometer records were taken at two heights at the Municipal 
Utilities System (MUS) generating plant during the winters of 1968-69 
and 1969-70. Itoo ventilated Beckman-Whitley radiometers were used,
supported and separated by a 20 meter utility pole. The site was near
the bank of the Chena River Just downstream of the point where MUS 
duaps their cooling water, and was thus in an area of dense fog whenever 
temperatures dropped below -30°C. The site was not an ideal one, having 
a chain-link fence about 2 m north of the radiometer with the river
bank shortly beyond. However, it was the only available site with
dense ice fog where neither traffic nor vandalism was a problem.
Considerable difficulty was encountered with the equipment, and 
as a result few good records were obtained. The air inlets for the 
ventilator fans on both radiometers were rapidly clogged with ice 
crystals, thus choking off the flow of air across the plates. This in
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turn allowed both settling and growth of frost on the plates, as well
as upsetting calibration. To combat this problem the radiometer bodies
were inclosed in screen cages which provided a deposition area of 
2
around 700 cm /radiometer, and the upper cage was equipped with a weight 
and pully which allowed accumulated frost to be knocked off from the 
ground. This proved effective provided someone came by to knock the 
crystal deposit off the cages every three or four hours in dense fog 
(which was generally not possible) or daily in warmer weather. The 
ordinary window screening used proved surprisingly effective in removing 
ice crystals from foggy air forced through it.
Further difficulty was encountered in the different responses of 
the two instruments. When both radiometers were run side by side with a 
common chart zero, the 10% calibration difference was swamped by the 
effect of what appeared to be different time constants. It is evident 
that only a rather large difference in the readings of the two instru­
ments may be relied on.
A final problem was that the crystal size distribution at the 
site, which was dominated by open-water fog, probably had larger crystals 
than either distributions a or b. The result of all these factors is 
that the radiometer records are of little quantitative value, although 
some of the qualitative results are interesting. For example, even 
relatively light large-crystal fog often produced radiative balance or 
incoming net radiation at the lower radiometer. Consequently, the 
original plan of comparing computed and measured flux divergences was 
dropped, and the project was confined to computing the height and 
density of typical fogs which would produce various cooling profiles.
156
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
157
F. The Transition from Flux to Cooling Rates
Thus far we have considered only one of the processes which may
change the energy in a small volume of the atmosphere, and none of those 
that affect the storage of energy. The first group includes not only 
radiative but also conductive transfer of energy, plus any energy added 
by such artificial sources as cars and buildings. If any considerable 
gradient in water vapor content (mixing ratio) existed the possibility 
of latent heat transfer might also be significant, but under the extremely 
dry conditions common to ice fog and ice crystal displays this form of 
transfer may be neglected. The storage terms include adiabatic heating 
(which we will neglect), temperature changes in air and ice crystals 
and latent heat of sublimation of water vapor already in the air mass 
under consideration. In order to judge the significance of radiative 
processes, it is necessary to know at least the order of magnitude of
all these terms in the energy balance of an air parcel. We will consider
the storage terms first.
1. Storage Processes
a. Heating of the air. The power required to heat one gram of air
at the rate dT/dt is given by Cp dT/dt, where Cp is the specific heat
of air at constant pressure. The volume of air occupied by ice crystals
is negligible (see discussion of mass of ice, below) so we can make use
P 273
of the relationship for air density, Pa^r* iqOO ~f~ p(p“1000®b» T»273°k). 
Since p at a pressure of lOOOmb and a temperature of 273°x is 
1.275 x 10’  ^g cm”  ^(List, 1949), pQir * 3.48(P/T) x 10*^ gm cm” .^ It is 
convenient to introduce different units for density so as to be consistent
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with the units of the other variables,namely: cm for horizontal and 
in for vertical lengths and a time unit of 12 hrs. Thus, the density is 
written as
Pa^r * 3.48(P/T) x 10  ^gm cm  ^m *
From List (1949) cp = .24 cal gm“* °K \  so the energy storage rate
from heating of the air is c p . (dT/dt) = 8.35 x 10  ^(P/T)(dT/dt)
p air
in cal cm  ^m * (12 hr) \
b. Heating of ice crystals. The greatest solid water content
_3
observed by Ohtake (1970) was .lp m . Benson (1965) calculated values
-3 -3of 0.07 g m for the outlying areas and 0.21gm for the core area
of downtown Fairbanks. These calculations were based on observations
of the rate of solution of the fog during warming. Our maximum value,
-3
obtained from distribution b and number density 1000, is .14 gm m .
Since the specific heat of ice is less than .5 for temperatures sub­
stantially below freezing, the maximum energy storage rate from heating
-5 -2 - 1 - 1  
suspended ice crystals is only about 10 (dT/dt) cal cm m (12 hr) .
As P/T is of the order of 3 in the foggy layer, this is three orders
of magnitude less than the energy storage due to heating the air and
may safely be neglected. Gotaas and Benson (1965) came to the same
conclusion for ice crystal displays.
c. Latent heat of ice crystals. If the temperature of an ice-
3
saturated 1 cm parcel of air, initially at a temperature T, is increased
by 1°C, an amount of ice [dv (^T+l°C) - d^(T)] must be evaporated to
maintain ice saturation of the air. Here ^v (^T) is the ice-saturation
. 3
water vapor density, in g cm , at temperature I and ambient pressure.
158
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Since varies from p^, the saturation vapor density over ice of 
pure water vapor in the absence of air, by less than 1% at the temper­
atures involved, p^, (which is a function only of T) may be substituted 
for d ^  without serious error. The latent heat of sublimation of ice,
Ls,is 678 cal gm * at -30 to -40°C, so the energy storage rate due to
4 dpi dT -2 - 1 - 1
sublimation of ice is 6.78 x 10 Uj" cal cm m (12 hr) . Values
dpj
of Lg derived from Table 109 in List (1949) are given in Table
_3
IV-24. For T * -35°C, the energy storage rate is 1.45 x 10 dT/dt—
_3
about an order of magnitude less than the 8.35 x 10 (P/T) (dT/dt)
accounted for by warming the air. The total energy storage rate 
-2 - 1 - 1
(cal cm m (12 hr) in air containing ice crystals is then (8.35 x
_3 dpi
10 (P/T) + Lg u^-) (dT/dt), where P is pressure in millibars, T is
dpi
temperature in degrees Kelvin, and Lg is tabulated in Table IV-2*.
All of the processes above are reversible and have the same algebraic
form for decreasing temperatures.
2. Transfer Processes
These are processes which add energy to the air. Radiative transfer
-2  -1
has already been discussed; the rate of energy addition in cal cm m
(12 hr) * is -(dF/dz) if z is in meters throughout the calculation and 
- 2  - 1F is in cal cm (12 hours) . Conductive (including eddy transport) 
transfer and man-made heat sources will be considered here.
a. Conduction. Heat conduction is normally neglected in radiative 
transfer problems. However, we are looking at a situation in which the 
underlying surface, dry snow, is an extremely poor conductor, and con­
duction to the radiatively cooling snow surface from air, snow and the 
soil below occurs. Under ice fog conditions in Fairbanks, Wendler (1969)
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Table IV-24
j p i . , 0 . - 1  - 2  - 1L y=r~ m  cal k cm m aT
-60 9.75x10"? -29 2.52x10":
-59 1.10x10"? -28 2.76x10"
-58 1.24x10"? -27 3.02x10":
-57 1.39x10”? -26 3.29x10":
-56 1.56x10"; -25 3.59x10"
-55 1.75x10"? -24 3.92x10"
-54 1.97x10"? -23 4.28x10"
-53 2.21x10"; -22 4.67x10"
-52 2.47x10"? -21 5.12x10"
-51 2.76x10"; -20 5.55x10"
-50 3.08x10"* -19 6.04x10":
-49 3.59x10"* -18 6.52x10"
-48 3.84x10" -17 7.12x10"
-47 4.28x10"* -16 7.74x10"
-46 4.85x10"* -15 8.30x10"
-45 5.28x10"* -14 8.96x10"
-44 5.87x10"* -13 9.71x10"
-43 6.52x10 , -12 1.05x10"
-42 7.19x10"* -11 1.14x10"
-41 7.94x10"; -10 1.23x10"
-40 8.81x10"* : 9 1.33x10"
-39 9.76x10"* - 8 1.44x10"
-38 1.07x10":: - 7 1.55x10"
-37 1.19x10, - 6 1.67x10*
-36 1.31x10* - 5 1.80x10*
-35 1.45x10*:: - 4 1.94x10*
-34 1.58x10, - 3 2.08x10*
-33 1.74x10*, - 2 2.24x10*
-32 1.91x10*, - 1 2.41x10"
-31 2.10x10*, 0
-30 2.30x10
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found sensible plus latent heat flux to the snow surface from the air 
-2 -1
of 20 cal cm day , and a flux to the surface from the snow pack of 
-2 -1
25 cal cm day , Since the instrumentation for this study was located 
away from such sources of mechanical turbulence as moving automobiles, 
the actual flow of heat from the air to the snow surface in built-up 
areas would probably be somewhat higher, and a reasonable assumption is 
that under ice fog conditions the energy lost by radiation from the 
snow surface is supplied equally by the snow pack and the air.
The energy flow in cgs units into any given layer of air of unit
dH* dT*thickness is - where H' is the conductive heat flow upward; H*=
k* is the thermal conductivity in cal cm * sec * °C Unfortunately 
the effective value of k' for air normally depends on turbulent transfer 
rather than on molecular conductivity, and thus varies in an irregular 
fashion with lapse rate, surface roughness, wind speed and height.
Under conditions of high stability and very low wind speed k' will be 
small, but use of the molecular conductivity is still not justified. 
However, the assumption that half of the energy flux from the snow sur­
face is supplied by the air allows computation of an effective conducti­
vity for the air. The true variability of k* with height will be 
neglected, and we will simply define k* as
k ’ = j F (0 )  .  1 F ( 0 ) z i
dr I " 2  (T(zj)-T(0), 
dz | 
z»o
where zQ is the first value of z above the ground for which T is given. 
The rate of energy addition due to conduction is now
'.L fe l
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. ffiL'a k' —  = F(°>*1 (zn~zn-l^Tn+l~t~(2n+l~zn)Tn-1~<zn+l~zn-l)Tn)
dz dz2 T(z])-T(0) (zn-Zn-lX^l-^Xzn+l-Zn-l)
Technically, of course, the above equation applies to potential 
temperature. But in a layer < 100 m thick with temperature gradients 
of the order of 10 to 30°C/100m, the difference is negligible in an 
order of magnitude calculation such as the above.
In the simpler crystal display case, we retain the assumption that 
one half of the net flux from the snow surface is supplied by cooling 
of the air near the surface. However, we will not attempt to carry out 
conductive calculations. Instead, we will make the following assumption;
If there exists within a foggy layer, or one which contains 
ice crystals, a level such that the mean cooling rate above 
the level exceeds that below the level (with one half the net 
flux from the surface assumed to be supplied by the air below 
the level), then that level will be called the neutral height, 
and the combination of radiative and conductive processes may 
lead to destabilization of the sounding at least at and above 
the neutral height.
The closer to the ground this neutral height is, the more 
likelihood there is that a normal lapse rate will develop 
through all or most of the layer containing ice crystals.
b. Man-made heat sources. The same combustion processes which 
supply water vapor to the ice fog also supply heat to the air. This 
process may be direct, as in heating by car exhaust or chimney smoke; 
or may occur after use of the heat to warm buildings (after which it 
is conducted to the outside air through walls and particularly through
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windows and doors) or to do mechanical work, after which It reappears 
as turbulence which ultimately degrades to heat. Given the rate at which 
various fuels are burned, it is at least theoretically possible to 
compute the artificial heat input to the air.
Benson (1965) gives the values listed in Table IV-25 for average 
daily fuel consumption in the Fairbanks area as of 1965. The heats of 
combustion were estimated from the Handbook of Chemistry and Physics, 
1959. As a first approximation, we will assume that half of the total 
heat is generated in the core area and added uniformly to it. One third 
of the total is spread over the residential area and the remaining sixth 
is added to the outlying area. The thickness, areas and volumes for 
these regions are summarized in Table IV-26.
Table IV-25 
Artificial Heat Sources
Fuel Amount, kg day 1
Total 
Heat Input
Gasoline 90,000
Fuel oil 152,000
Coal, home 305,000
Coal, power 1,118,000 5xl06
4.5xl01 1cal(12 hr) 
7.6xl011cal(12 hr) " 1 
7.6x10 cal(12 hr)” 1 
2.8xl012cal(12 hr)” 1
Total 4.8xl012cal(12 hr)” 1 
.3xl012Latent Heat
5.1xl012 cal(12 hr) ” 1
Table IV-26
Region
Artificial Heat Input
Area Depth Volume % Total Input
(kn2) (m) (cm m)
Core
Residential 
Out lying
2 . 5  5 1
. 6  3
. 0 0  . 4
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Heats of combustion are computed with all products in the vapor 
phase. The latent heat released in the condensation and freezing of 
the water vapor created by combustion is in addition both to the heat 
of combustion, and to the latent heat of the natural water vapor content 
of the air which was discussed under heat storage. Water vapor resulting 
directly from power plant fuel consumption will be ignored on the assump­
tion that these plumes often evaporate before blending with the fog 
(Benson, 1965). The heat used to evaporate cooling water is ultimately 
supplied by the heat of combustion of the power plant fuel, which was 
accounted for above. The evaporated water condenses into droplets 
within a few meters of the water surface, giving this latent heat of 
evaporation to the air. The two processes cancel as far as any net 
addition of heat to the system of air plus cooling water is concerned 
and the end result is simply a transfer of heat from the water to the 
air. Indeed, the whole process is merely the mechanism by which heat 
is transferred from the water to the air.
The latent heat of freezing of the droplets must be included and 
may be accounted for by using Benson's (1965) figures for the amount 
of water evaporated and multiplying by 80 cal/gm. There may also be 
some freezing of the water which does not evaporate, but probably most 
of the water which does not evaporate eventually goes to augment the 
winter flow of the Tanana rather than freezing. This contribution is 
probably small and virtually impossible to calculate. It will be 
neglected.
According to Benson (1965) the total water inputs (excluding that 
from power plant fuel combustion) are 533 x 10^  gm day  ^from combustion
If-A
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6 - 1  *
(vapor) and 2800 x 10 gm day from cooling water. Taking the latent
heat of sublimation as 678 cal gm * and that of freezing as 80 cal gm"*, 
the resulting energy inputs are 3.6 x 10** cal day”  ^and 2,2 x 10^ 
cal day”*, or a total of 2.9 x 10**cal (12 hr)~\ This amount must be 
added to the heat of combustion (Table IV-25). The resulting values are 
used to compute H. the artificial heat addition rate,and Hp ,the equi­
valent flux (Table IV-26).
Although the calculations above look reasonable enough, they pre­
dict rather unreasonable-looking heating rates. For example, in the
core area, the predicted heating rate due to man-made sources is 67°C
-1 -2 -1  (12 hr) . This derives from an energy input of 51 cal cm (12 hr) ,
-2  -1or .07 cal cm min . Much of this energy is being expended in an
effort to keep buildings and vehicles warm at -40°C. tlyrup (1969)
-2  -1
estimated a man-made heat source of .05 cal cm min for a hypothetical 
city in central California and found that it would have only a minor 
effect on the intensity of the city heat island calculated. Therefore, 
it seems possible that even the Fairbanks heating rate may largely be 
compensated for by radiative effects, leaving the 5-6°C heat island 
actually observed for Fairbanks (Benson, 1965). This will be discussed 
in greater detail in Chapter VI, but two points deserve special mention 
here. First, the calculations above were for stagnant air. A net 
regional drift of the air over the city with speeds as low as 1 m sec \  
which could not readily be detected, would limit the heat gain by the 
average parcel of air traversing the city core to about 10% of the 
nominal 12-hourly cooling rate, 6.5®C. This is sufficiently close to the
observed magnitude of the Fairbanks heat island to be readily acceptable.
^Miscellaneous sources do not contribute much and are included as part 
of the cooling water.
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Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Secondly, the large predicted heating rate near the ground indicates 
that vertical heat transfer within the fog is very likely. Convection 
reaching above the top of the fog layer would gradually thicken the fog 
over the city center (Benson 1965, Fig. 27).
With these reservations on the correct value of H, the cooling rate 
equation may be written by equating energy storage on the left hand 
sides of Eqs. 4-3 and 4-4 to net energy convergence on the right hand 
sides:
~  (8.35 x 10~3P/T + L ~ )  =
(4-3)
_ dFs + gs(Q> n  (2n~zn-1)Tn+1+ ^zn+1 ~2n^Tn-1~^2n+l~Zn- 1 ^Tn
dz T(z])-T(0) (Zn-z^i) <zn+i-zn)
+ H
in the ice fog layer, and 
dT -3 , v dFc
it (8-35 x 10 P/T) = - dr
(4-4)
+ Fs(0)zl (za-zn.1)Tn+1+( z^j-Zn) Tn. t- ( zn-H~zn- j) Tn
T(z1)-T(0) z^n*’zn-l^zn+l*'zn) (*nfl“*n-l^
above It.
These equations are used in Chapter V to compute separately 
the radiative and conductive contributions to the heating rate.
l o t
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CHAPTER V 
PROGRAMMING AND NUMERICAL RESULTS
Two FORTRAN IV programs were were written to give fluxes and 
cooling rates in the presence of ice crystal displays and ice fogs.
The first program was based on the numerical data for R presented by 
Elsasser and Culbertson (1960). Since in this case the integration over 
v has already been carried out, only gray non-scattering crystals 
may be considered. However, this is what is needed for the ice 
crystal case, so the program was set up for plane ice crystals, with 
t(ice) = exp(-mra2Az). The second program was based directly on 
equations (3-17) and the parameters derived in Chapter IV. The first 
program was written by the author with some assistance from 
Mrs. Sharon Dean of the programming group. The second program was 
written by Mrs. Dean.
The remainder of this chapter will consist primarily of computer 
output. Section A gives both programs, plus the program used for 
recomputation of the Elsasser coefficients. The reasons behind this 
recomputation are discussed in Chapter VI, Section A. Section B gives 
the numerical results for ice crystal displays, and Section C gives 
results for ice fog. Note that the two programs frequently differ 
in notation.
A. Programs
1. Gray-Crystal Program
The program as given will print out a total of 21 tables in the 
format of Section B, one for each of 7 display heights and 3 ice
167
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absorption coefficients. In addition, it prints working tables, 
not reproduced here, giving all values in an 8-digit exponential 
format. The program was run in this form only for the composite 
sounding. For the two soundings from Gotaas and Benson (1965) the 
statement DO 990 NA=1,3 between the initial READ and FORMAT statements 
was replaced by NA=1; ABICE(l) being the value of ,00196m 3 which was 
obtained for the 25vradius crystals.
Each sounding was given an identification number. Sounding 1 is 
1400 14 December 1961, sounding 2 is 1400 24 January 1962, and 
sounding 3 is the composite sounding.
In order to use the gray program for ice fog the sections marked 
in the program bracketed by the rows of letters are replaced by the 
similarly lettered sections presented under the heading "Modification 
of gray program to accept ice fog data."
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C PROGRAM TO COMPUTE M OIATIVE COOLING RATES IN THE PRESENCE 
C OF BLACK^HORIZONTAL PLANE ICE CRYSTALS.
C BASED ON THE ELSASSER CHART
C T PREFIXES ARE USEO THROUGHOUT FOR TABULATEO VALUES.
C ELSASSER'S R FOR MATER VAPOR IS RH20. THE NEGATIVE OF HIS C02
C CORRECTION <«R FOR C02 AT LOW MATER'VAPOR CONTENTS I IS 0 R H 2 0.'
C TLOGU AND TLQGV ARE THE VALUES OF LOG U AND LOG V FOR MHICH 
C RH20 AND 0RH20 ARE- TABULATED. U IS HATER IN LIQUID CM AND V I
C C02 IN CM STP. XLAHT IS THE OERIVAT1VE OF THE MATER VAPOR
C DENSITY OVER ICE MITH RESPECT TO TEMPERATURE* MULTIPLIED BY W 
C LATENT HEAT OF SUBLIMATION OF ICE. . IO IDENTIFIES THE SOUNOING 
C WHILE NZ GIVES THE VALUE OF J CORRESFONDTNG TO PU)«50MB.
C 2 IS HEIGHT. IN H# P , PRESSURE IN MB* TEMPC, TEMPERATURE1 IN DEG 
C C* DU(J)AND O V (J), MATER ANO C02 JCONVENTS OF THE LAYERS 
C FROM Z tJ)  TO TROT ANO TftOfCO GIVE THEiINTEGRALS OF R
C ANO DR FROM T • -60- TO -273.
C
C
DIMENSION TRH20116 ,6 ) *T0RH2O(IA»201«TLOGU( 16)«TLOGV(20) 
DIMENSION XLAHTI40)
DIMENSION- TROTClAltTR0TC0(14t20)
DIMENSION Zf30I«OUI30) «OVfSOItTEMPCf30),PI30),FLUXZ(30) 
DIMENSION COOLI30I 
C A A A  A A A A A A A
DIMENSION NCAf11) .
01MENSION ABICEtS) 
C A A A A ' A ' A A A A A  
01MENSION TEMPC0C20) '
R E A 0 (l,l0 1 H 4 T R H 2 0 < lU ,)T ) ,IT « l,6 ) ,IU M '1 6 )  
A E A 0 ll,l0 2 l( (T 0 R H 2 0 U U tI V ) ,I V « l,a O ) ,I U « l,l6 )
REAOtl«103)TLOGU 
REAO (1*104) HOG V 
READ(1,107IXLAHT 
READ(1 ,109 )TROT
REAO (1 ,1 0 2 111TROTCOiIU,IV) , IV -1 ,20 > , IU-1,16)
REA0(1,106II0»NZ
NZPLUS«NZ+1
00 420 1-ltNZPLUS .
420 REAO(1,105) J»£(J),P l( J ) ,  TEMPC (J),O U tJ)« O V U )  
REAOIltlOBIABICE  
REAOt1,110INCA 
DO 889 J«l«20  
889 TENPCOU)»TEMPCt<l>
101 FORMATIAF10.3)
102 FORMAT!10F7.0)
103 FORMATUAFStO)
104 FORMATI20F4.0)
105 FO R M A TtI2 tF?» 0 ,F8 .2 ,F7« l,E12 .4tF8 .2)
106 FORMAT(215)
C
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107 FORMAT(10E7.3)
108 FORMAT(F6.5)
109 FORMAT(8F7. 2)
110 FORMAT(12)
DO 240 J=i*NZ
2002 WRITE(3,2GC3)J,Z(J),P( J ) » T E M P C (J )»C U I J )»D V (J )
2003 F0RMAT(I3»F8cl?F8o2fF7ol,E12.4,F8.2)
DU(J)=DUIJ)’M { P (  J)+P( J+l) »/2026.)*SGRT!586o/(TEMPC(J)+
1 TE M P C (J + 1) + 546.1)
DV( J ) = D V U 1 * U P (  J) + P ( J H I  J/2026. I*SCRT(586./(TEMPCIJ)♦
1 T E M P C U + l i  + 546.))
240 CONTINUE
C f l H E B E  B 8 B B B
DO 990 N=i,f 
DO 990 N A = 1 ,3 
ABS1CE=ABICE(NA)
NC*NCAtN)
C B j B B B B B B B B  
WRITE (3,200 j ' ■,'*SICE,NC,Z(NC> < IJ
K DO LOOP VARIES HEIGH i AT WrilCH FLUX IS COMPUTED.
DO 901 K=1»NZ 
FLUX=0 
KMINU1=K“ 1
J DO LOOP COMPUTES INTEGRAL. U AND V COMPUTED FROM Z(K) TO 
HALFWAY BETWEEN Z {J ) AND ZIJ+l).
DO 902 J = 1 *NZ 
JPLUS1=J+l 
JMINU1=J~1
COMPUTATION OF AMOUNT OF PATH IN CRYSTAL LAYER,
COMPUTATION OF WATER VAPOR AND C02 CONTENTS.
IF(J-K>204,203,205
EMERGENCY STOP IF A SUPPOSEDLY IMPOSSIBLE BRANCH OCCURS
900 WRITE 13,999)
STOP
203 U=.5*DU(J)
V=.5*DVfJ)
IF«K+J-2*NC)401,402,402
401 DELZ = . 5 * m J + l ) - Z {  J) )
GO TO 211
402 DELZ=0
GO TO 211 . • .
204 IF(J+l-K5206,203,900
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206 U*=.5 * D U (J )
V=.5*DVCJ)
DO 207 M=JPLUS1,KMINU1 
U = U + D U ( M )
207 V = V + D V (M )
IF(K-NC)403»403,404
403 D E L Z = ZtK)-Z(J+l)+.5*{Z (J + l ) - Z (J ))
GO TO 211
404 IF CJ+1-NC)407,407,408
407 DELZ=ZfNC)-Z(J+l)+.5*(Z(J+l)-Z(J))
GO TO 211
408 DELZ=0
GO TO 211 
205 U=.5*DU(J)
V=c5*DVJJ»
DO 209 M=K,JMINU1 
U=U+DUCM)
209 V=V+DVCM)
IF(J ~ N C )405 » 406 , 406
405 DELZ~Z{J)~Z(K)+05 * ( Z ( J + 1 ) - Z f J ) )
GO TO 211
406 IF(K-NC)409,408,408
409 DELZ=Z(NC)~Z(K)
GO TO 211
READY TO INTERPOLATE 
FIRST TEST THAT U IS NOT BELOW THE TABULATED RANGE. IF IT IS, 
RH20 IS ZERO, AND 0RC02 IS SIMPLY R FOR C02, WHICH ANY SMALL 
VALUE OF U WILL GIVEo
211 IU=1 
IV=1 
IT= 1
XLOGU-ALOGIO(U)
IF (X L O GU)611,611,600 
611 CONTINUE
IF (TLOGUll)-XLOGU)212,250,501 
250 IU=2
GO TO 215
501 XL0GV=AL0G10(V )
IF(TLOGVIIVI-XLOGV)502,502,503
502 RH20=0 
IU=2
GO TO 241
503 RH20=0 
DRH20=0 
I U=2
I V=2
GO TO 504
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C NOW LOCATE TLOGU.
C
212 IF{TLOGU«IU)-XLOGU)213,215,215
213 IU=IU+1 
GO TO 212
NEXT LOCATE TTEMPC.
215 XIT=IT
TTEMPC=-70o+XIT*10o
IF (60.+c5*(TEMPC(J+l)+TEMPC(J))1252,252,253
252 IT=2 
GO TO 226
253 CONTINUE 
IF(TTEMPC -{T E M P C (J+l)+TEMPC(J))/2.1224,226,226
224 IT=IT+l 
GO TO 215
PORU, PORT AND PORV ARE PORPORTIONAL PARTS FOR LOG U, T, AND 
LOG V.
226 P0RU=ITLOGU(IUJ-XLOGU)/(TLOGU(IU)-TLOGU(IU-1))
PORT = c1*TTEHPC-.0 5 * ITEMPC(J+lJ+TEMPC C J ))
INTERPOLATION FORMULA FOR RH20
RH20=TRH201IU,IT)*(l.-PORU)*tl.-PORT)+TRH20(IU,IT-1)*
1 {PORT*(1.-P0RU))
2 +TRH20IIU-1,IT)*(PORU*(1.-PORT))+TRH20(IU-1,IT-1)*
3 PORU*PORT 
241 XLQGV=AL0G10(V)
TEST THAT V IS IN THE TABULATED RANGE.
IF(XL0GV-3)610,610,600 
600 WRITE(3,601)
STOP 
610 CONTINUE
IF(TLOGV(l)-XLOGV)231,251,505 
251 IV=2
GO TO 234
IF V IS BELOW RANGE, DRH20 =ZER0.
505 DRH20=0 
I V=2
GO TO 504 
IF V IS IN RANGE, LOCATE TLOGV.
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231 IF(TL0GV(IV)-XL0GV)232,234,234
232 IV=IV+1 
GO TO 231
234 P0RV=I TLOGVIIV)-XLOGV)/ITLOGV1IV J-TLOGVIIV-1))
P0RU=(TL0GU( I U )- X LOGU)/ (TLOGUI IU )-TLOGU(IU-1))
INTERPOLATION FORMULA FOR DRH20
DRH20-TDRH20(IU,IV)* J1 .-PORU)*I1 .-P0RV)+TDRH20(IU, IV-1)
1 *P0RV*(l.-PORU)
2 +TDRH20I I U - 1 , IV)*P0RU*Ilo-PORV)*TDRH20(IU-1,IV-1)
3 *P0RU*P0RV
504 TEMPCJ=(TEMPC(J+1)*TEMPC(J))*.5 
DT=TEMPC( J + U - T E M P C I  J)
TAUICE = EXPI-ABSICE*DELZ)
TK = TEMPCJ + 273.
TD40 = TEMPCJ + 40.
IF IXLOGV) 5000,5000,5001
5000 CC02T = l.+o011*TD40 
GO TO 5003
5001 CC02T = 1. + .012 * T040 + .00001 * TD40*TD40 
5003 CONTINUE
IFIRH2013000,3005,3005 
3000 RH20a0
3005 IF(DRH20)3002,3003,3003
3002 DRH2Q=G
3003 CONTINUE
ONE ELEMENT OF INTEGRAL
DFLUX = .5* (RH20+CC02T*DRH20 - 4 .6784E-7*TK*TK*TK) *DT*T 
1 TAUICE
SUMMATION AND STORAGE OF THE INTEGRAL OVER Z.
902 FLUX=FLUX+DFLUX
P0RU = (TL0GU1IUI-XLOGU)/ ITLOGUIIU J-TLOGUIIU-1))
P0RV=(TLOGVIIV)-XLOGV>/ (TLOGV4IV1-TL0GVI1V-1))
IFIPORU-l.>701,701,700
700 P0RU=1.
701 CONTINUE
IFlPQRV-l.>703,703,702
702 P0RV=1.
703 CONTINUE
XI * TRDTCO11U,IV)
X2 = TRDTCOIIU-1,IV>
X3 * TRDTCOIIU,IV-1)
X4 = TRDTCOIIU-1,IV-1)
RDTCO = X I * (l.-PORU)* 11.-PORV) +X2*P0RU*Il.-PORV)+X3*P0RV* 
1 (l.-P0RU)+X4*P0RU*P0RV
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ROT = TRDT11U)*!l.-PGRU) + T R D T (IU-1)*P0RU 
FLUX = FLUX - TAUICE*(RDT +RDTC0-240.7434}*.5 
F L U X Z (K )=FLUX 
IF!K~1)907,907,300 
907 WRITE(3,622)
GO TO 901
300 T = (TEMPC !K) + TEMPC!K-1))*.5+273.
P R = « P ( K i + P l K - i n * . 5
IF LAYER FOR WHICH COOLING RATE IS DESIRED IS IN THE 
CRYSTAL LAYER, WE MUST INCLUDE LATENT HEAT TERM.
I F (K - N C )305,305,306 
306 XLH=0
GO TO 905 
305 L=1
301 XL=L 
TT=222.+XL
IFITT-T1302,304,304
302 L = L + 1
GO TO 301
304 XLH=XLAHT!L)-!TT-T)*(XLAHT(L)-XLAHTIL-l))
COMPUTE COOLING RATE, STORE
905 COOL CK-1)=-1FLUXZ(K)-FLUXZ(K-l))/I(Z(K)-Z(K-l))*((8.35E-3) 
1 *(PR/T)+XLH)J 
W R I T E (3,621)C O O L ( K ~ l )
901 W R I T E (3,620)FL U X , Z (K )
GO TO 910
WRITE OUT RESULTS
910 WRITE(391000)ID,ABSICE,ZINC)
WRITE!2,1000)ID,ABSICE,Z(NC)
NZMIN=NZ-1 
00 920 K = 1 ,NZMIN
WRITE(2«1001)Z(K),TEMPC t K 1,FLUXZIK)9COOL IK)
920 WRITE!3,1001)Z(K),TEMPC(K),FLUXZ!K),COOL(K)
W R I T E <3,1001)Z<NZ)STEMPC!NZ),FLUXZ!NZ)
W R I T E (2,1001)Z(NZ)9TEMPC(NZ),FLUXZ ( N Z )
K=2
1104 IF{{FLUXZ(K)-»5*FLUXZ!1 ) ) / LP{1)-P(K))-(FLUXZ!NCI-FLUXZ(K )) 
H P  (K ) - P ! N C H  ) 1100,1102,1101
1101 K = K + 1 
. IF!K+1-NC)1105,1105,1106
1105 GO TO 1104
1106 WRITE(3,1112)
WRITE 12,1112)
GO TO 1125
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1100
1102
1125
990
601
620
621
622
999
1000
WRITE(3»L1L0)Z(K)tZ(K-l)
WRITE!2,1110)Z(K),Z(K-1)
GO TO 1125 
WRITE!3,1111)Z(K)
WRITE(2,1111)Z!K)
CONTINUE 
CONTINUE
F O R M A T (8OU OR V ABOVE TABLE RANGE')
FORMAT!»Q',E15e8,T25,F8ol)
F0RMAT!T40,E15o8)
F O R M A T ! » NET FLUX',T25,'HEIGHT',T40,
FORMAT!'OERROR IN IF OIRECTING')
C C C C C C C C C C  
FORMAT!°1«//////37X,'ICE CRYSTAL DISPLAY®/ / 16X,'SOUNOING< 
112, * 9 ICE ABSORPTION *,F8.5,'/M, DISPLAY DEPTH',F6.0,
1' M S / / 1 6 X ,
'HEATING RATE')
2 'HEIGHT TEMPERATURE
2 'MEAN HEATING RATE,'/ 
318X,® !M) (DEG C)
3 "LAYER ABOVE Z»,/
4 6 2 X , '(DEG C/12 HR)'/)
FLUX
(CAL/SQ CM/12 HR)
C
1001
1020
1021
1110
1111
1112
',15X»F7.1,8X,F5.1,T46,F6.1,T63,F8. 
*,6lE15o8,5X))
END OF J LOOP',T20,2(E15*8,5X))
*,T20,'NEUTRAL HEIGHT BETWEEN ®,F5«0,' M AND ',
)
',T20,'NEUTRAL
2004
2005
C C C C
FORMAT!*
FOR M A T ! «
FORMAT!'
FORMAT I«
1 F5o 0,'M 
F ORMAT!'
D D
FORMAT!
1 )
D D D D
F0RMAT(F7.5,/,I3) 
FORMAT!'l*,F10c5,/ 
CALL EXIT 
END
C C
3)
o e
D
T20,
D
NEUTRAL
HEIGHT ABOUT ',F5.0,»
D D D D 
HEIGHT AT OR ABOVE TOP
Mo')
D D 
OF DISPLAY,
D D D D
I10,/,F11.5,/,I10)
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c
2. MODIFICATION OF GRAY-CRYSTAL 
ICE FOG DATA
PROGRAM TO ACCEPT
c A A A  
DIMENSION NCA(5>
A A 
,ABICE(10)
A A A A A
c A A A A A A A A A A
c B 8 B B B B B B B B
IF CID - A )855,855,856
855 RH«.8
GO TO 857
856 RH = e 5
857 DO 990 N=l»5 
NC=NCA(N)
I F(Z(NC)-IOO.5850*864,864 
850 N C P = N C A ( N - l ) -1 
DO 852 J=NC,NCP 
DU(J)=DU(J)*RH 
852 DV C J J = D V (J )*RH
I F (Z ( N C ))863,863*864
863 LIM1=1 
LIM2=1
GO TO 865
864 IF(Z(NCJ-20c)860,861,862
860 LIM1*1 
LIM2=4
GO TO 865
861 LIM1S 1 
LIM2=10 
GO TO 865
862 LIM1=5 
LIM2=10
865 DO 990 NA=LIM1,LIM2 
ABSICE=1«6*ABICE(NA)
C B B B B B  B B B B B
C C C C C C C C C C C 
1000 F O R M A T (81 *,// / / / / 4 3 X ,* ICE F O G 8/ / 16X,•S O U NDING*•12,
l 8, ICE ABSORPTION % F 8 c 5 v 8/M, FOG D E P T H * ,F 6 . 0 , • M*,//16X
2 "HEIGHT TEMPERATURE FLUX *
2'MEAN HEATING RATE,*/
3 1 8 X , 8 (M) (DEG C) (CAL/SQ CM/12 HR) LAYER
3 1 8 X , 8 (M) (DEG C) (CAL/SQ CM/12 HR) t
3 'LAYER ABOVE Z 8,/
4 6 2 X , 8 (DEG C/12 H R ) 8/)
C C C C C C C C C C C
C D D D D D D D D D D
1112 F O R M A T (8 8,T20»'NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG-*
C D D D D D D 0 D D D
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o 3.SCATTERING PROGRAM
PROGRAM COOL FORTRAN IV IBM 360-40 64K 
COMMON TX1154)ST2EI3(154),TAB42(11,8),
1 TAB41(11,6)*TLH20163),TLC02J63),
2 Z O O ) ,  P O O ) ,  T O O )  « W V O O )  «V(30) ,
3 ENA,ENB,NHT,AKA(63),AKB(63),
4 B E T A A (63)sBETAB(63),SQP»NU*
5 WAVEN0(63) ,IC, JMAX,BLAK(63,30)
REAL DNl)(63) ,WV100(30) ,STF 130)
DO 33 1=1,30
wvm=o«
33 V(I)=0.
READ TABLES FOR X AND 2 E I 3 (X )
TX(154),T2EI3(154)
READ{1,301)(TXII),T2EI3(I),I=1,154)
301 FORMAT!5 (F6«0,F10o0) )
READ TABLE IV-2, TAUC02 FOR CARBON DIOXIDE 
TAB42C11,8)
R E A D (1,303)fITAB42(I,J),J=l»8),I=i»ll)
303 FORMAT(2X,2P8F6°2)
READ TABLE IV-1, TAUM20 FOR WATER VAPOR 
TAB41(11,6)
READ (1,305) (( T A B 4 K I , J) , J=1, 6 ), 1=1,11) 
305 FORMAT(2X,2P6F6o2)
READ WAVENO DATA FOR 63 WAVE NUMBERS 
DO 30 1=1,63
30 R E A D (1,307)NU,WAVENO(NU),DNU(NU),TLH20(NU),TLC02(NU) 
307 F0RMAT(I3,2F5o0v2F9o2)
READ ABSORPTION ANO BACKSCATTERING COEFFICIENTS AND 
REDUCE BY 10E6 
DO 32 1=1,63
32 READf1,309INU,AKA(NU),AKB(NU),BETAA(NU),BETAB(NU)
309 FORMAT(I3,6P4F7o3)
READ SOUNDING DATA
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c CC FORMAT VARIABLE DESCRIPTION
c 1- 2 12 J INDEX
c 3- 8 F7.0 Z IJ) HEIGHT
c 10-17 F8.2 P(J) PRESSURE
c 18-24 F7.1 T!J) TEMPERATURE (CENTIGRADE)
c 25-36 E12.4 WVIOO(J) WATER VAPOR (100 PERCENT)
c 37-44 F8. 2 V(J) CARBON DIOXIDE,
c
r
45-56 E12.4 WV!J) WATER VAPOR (80 PERCENT)
K*
li R E A D ! 1«101* END-10) J »Z (J ), P( J ) , T.( J ) * WV100 (J ) *V.( J ) , WV ( J )
101 FORMAT!I2*F7.0*F8.2 *F7ol,E12.4,F8.2»E12.4)
GO TO 11
c READ NA AND NB AND INDEX OF LAST HT FOR WHICH THEY ARE
c VALID (NHT)
10 READ!1*102)ENA*ENB* NHT
102 F0RMAT12F10 o0,7X*I3)
WR I T E !2?9021 ENA*ENB .NHT
902 F0RMATI2F5. 0*13)
JMAX1=J
JMAX=J-1
C JS IS TOP OF SCATTERING LAYER
JS=NHT+1
C
DO 45 1=1*JMAX1
I F ( W V U )  .EQ. 0.)WVtI)=WV100(I)
45 CONTINUE
C USE 100 PERCENT WATER VAPOR FOR HTS BELOW,NHT
C DO 13 1*1,NHT
C 13 WVII)=WV100!I)
C PRINT OUT SOUNDING DATA
DO 49 1=1»JMAX1 
49 WRITE(3*103)I*Z{I)*P(I)*T(I)*WV(I)*V(I)
103 F0RMATU3.F7o0»F8.2,F7.1*E12.4,F8«2)
WRITE!3*901)ENA*ENB.NHT 
901 FORMAT! »ONA=.« *F5.0,» N B - S F S . O , 0 N H T = % I 4 )
C
DO 31 I=1*JMAX
PFACT=(P!11 + P ( 1 + 1)1/2026.
W V (I ) =WV!I) * PFACT 
31 V ! I )=V!I) * PFACT
C
C COMPUTE BLACKBODY FUNCTION 
DO 46 NU=1»63 
T !JMAX1I=-273.
IF!NU .EQ. 45 .OR. NU .EQ. 46 IT!JMAX1)=-40. 
WAVNU=WAVENQ(NU)
DO 46 I=l*JMAXl 
T K = T {I)+273.
46 BLAK(NU*II=BLACKB(WAVNU*TK)
C
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DO 21 K = 1»JMAX 
C WRITE COLUMN HEADING- - ~ TEMPORARY 
WRITE ( 3 s.203) K
203 FORMAT!81 • , 16X9«PARTIAL VALUES FOR Z=Z*? » I2» ■ 1'/ 
A * 0 % 1 X 9*I WAVENO! I > "»
1 « FLUX FLUX DIVERGENCE FLUX CO N T R I - 8,
B" FLUX DIVo CONTe DELFDZ(K - l )8/48 X , ‘BUTION8//)
SET TOTALS AT ZERO 
TF = Oo 
TDFDZ=Oo 
TFDNU=Oo 
TDFDN=0.
TDELsOo
DO 12 NU=1®63 
TIJMAX1)="273o
IF(NU cEQ. 45 cORo NU .EQ. 4 6)T !JMAX1)=-40.
COMPUTE S!NU)
SET SQP=SQRT(!l«+S)/(lo-Sn = 1 FOR COMPUTING S 
SQP= 1.
C IF IC0DE=0 TAU IS OUTSIDE THE.INTEGRAL 
C IF ICODE^l TAU IS INSIDE THE INTEGRAL 
ICODE-O
C COMPUTE TAU AT THE TOP OF SCATTERING LAYER (TAUSS) 
IF(JS-K)36»37s36
37 TAUSS=1•
GO TO 38
36 TAUSS=TAUM20( JS»ICODE)*TAUC02( JS,ICODE)*
1 TAUICE(JS9ICODE)
C COMPUTE TAU AT GROUND LEVEL !TAUSG)
38 IF(K - l )39* 34»39
34 TAUSG=1•
GO TO 35
39 TAUSG=TAUM20I 1,ICODE)*TAUC02I I,ICODE)*
1 TAUICE(19IC0DE)
35 A=(BETAA(NU) * ENA * BETABINU) * ENB) * ZtJS)
C
IF1TAUSG .NE. 0. oAND. TAUSS .NE. 0. .AND. JS .NE. 1 
1 GO TO 50 
S=0.
GO TO 44 
50 IF«K-JS)41,41,43 
41 S=A/(A - ALOG!TAUSG * TAUSS))
GO TO 44
C
43 S=A/«A - ALOGITAUSG/TAUSS))
C
C COMPUTE REOCCURING FACTORS CONTAINING S
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44 SQP-SQRT(ll.+S)/(lo~S))
SQNl=lo-SQP 
SQP1=1.+SQP
SQN=SQRT«llo-Si/llo+S))
Sl=lo” S
S2=SQRT fl.~S*S)
S3=l. -S2 
S4=lc+S2
TG2=TAUSG * TAUSG 
TS2 ^ TAUSS * TAUSS 
TGTS2 = TG2 * TS2
COMPUTE TAU AT THE TOP OF SCATTERING LAYER 
16 IFiJS~K)136»137s136
137 TAUSS=1•
GO TO 138
136 TAUSS*TAUM20( JS,ICODEi*TAUC02( JS,ICOOE)*
1 TAUICE(JS,ICOOE)
COMPUTE TAU AT GROUNO LEVEL
138 I F C K -1)133,134,133
134 TAUSG=lo 
GO TO 135
133 TAUSG=TAUM20( 1 , ICOOE)*TAUC02f 1 , ICODE)*TAUICE1 1»ICOOE
135 CONTINUE
C
CHECKING K - - IF K cGTo JS COMPUTE FC
IF K cLT. JS COMPUTE FS
IF IK oGEo JS ) GO TO 2
K IS LESS THAN JS. COMPUTE FS
CIE1=CI(K,JS»1)
IF(TAUSG .EQ. 0.) GO TO 67 
CID1=CIt i,K,-l)
67 CID2=CIS1,K,1)
CID3«CI{JS,JMAX1,1)
IF(TAUSS .EQ. 0o> GO TO 68 
CID4=CI(K»JS9“ 1)
68 CONTINUE
COMPUTE FS
SSQN=S*SQN
S1SQN=S1 + SQN
S1MSQN=S1 - SQN
ADP = 1o / { S4 - S3 * T G T S 2 )
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IF(TAUSGJ6l,61,62
61 F S 1~ 0 o 
FZl=Cc 
GO TO 63
C
62 FS1=TG2 *(SSQN S1MSQN * TS2) * CID1 
FZ1-TG2* (S - S3 * TS2) * CID1
C
63 FS2 » (S1SQN + SSQN * TS21 * CID2 
FZ2 = f.S4 - S * TS2i * CID2
C
IF<TAUSS>64,64,65
64 FS3-0.
FZ3-Co 
GO TO 66
C
65 FS3 = TS2 * ( S S Q N . - S1MSQN * TG2» * CID4 
FZ3 * TS2 * IS - S3 * T G 2 ) * CID4
C
66 FS4 * (S1SQN + SSQN * T G 2 ) * CIE1 
FZ4 » (S4 - S * T G 2 ) * CIE1
C >
FS5 «<S1 + S2 ~«S1 - S 2 ) * T G 2 ) * CID3 
FZ5~- CS + S4 -CS + S 3 )*T G 2 ) * CID3 
F=ADP *t FS1~FS2”FS3»FS4"FS5)
DFDZ=ADP * CAPA 8 J S ) *S1*(FZ1 + FZ2 - FZ3 - FZ4 - F Z 5 )
C
GO TO 3
C
C * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * *
c
C COMPUTE FC AND DF/DZ 
C
2 IFfTAUSS cEQo O o ) GO TO 70 
CIFC1=C I (JS,K,-”l )
70 CIFC2 = CI(K«JMAX1'1)
C I F C 4 = C I C 1«JS,1i
IFtTAUSG oEQoOoi GO TO 69
CIFC3=Cni,JS,~l)
69 C I F C 5 =0I f  JS,K,1 )
I F !TG2I 51,51,52
51 APRIME- 1./S4 
GO TO 53
52 APRIME= 1 * / J S 4 - I S3+TG2/TS2))
53 C = A P R I M E * S * (T G 2 - T S 2 )
IF(TAUSG) 54,54,55
54 FCl= 0o 
GO TO 56
55 FC1=APRIME*TG2*S1*SQN1*CIFC3
C
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56 FC2-APRIME*S1*SQP1*CIFC4 
IF IT AUSS) 57,57,58
57 FC3~0o 
GO TO 59
58 FC3=C*CIFC1
59 F=FC1“ FC2-FC3-CIFC5-(C+lo)*CIFC2
DFDZ-CAPA! J S )*(-FCI + FC2+FC3+CIFC5” 11 .-C)*CIFC2)
C
C* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
3 FDNU = F * DNUfNU)
OFDZDN - OFDZ * DNU(NU)
IF f K - 1)71,71,72
71 DELFDZ-0.
GO TO 73
72 OELFDZ-' {F-OLDF )/(Z ( K ) - Z!K-1))
73 0LDF«F
C
WRITE!3,201)NU,WAVENO(NU),F,OFDZ,FDNU,DFDZDNjDELFDZ 
201 FORMAT! IX,I2,F8.0,4X,E14.7,2X,E14.7,3X,E14.7,2X,E14.7,2X, 
1 E14o 7)
C
C SUM ABOVE QUANTITIES FOR 63 WAVENUMBERS
C
TF=F ♦ TF
TDFDZ= TDFDZ + DFOZ 
TFDNU- TFDNU ♦ FDNU 
12 TDFDN * TOFDN + OFDZDN
C ADD HEAT TERMS
IF!K cGTc 1) GO TO 47
FLUX1=TFDNU
TDEL=0c
OF=TFDNU
HEATF=Oc
C0NDH=0.
GO TO 48
C
47 TP*{T!K) + TIK-1S > *.5 + 273.
P R = 5 P(K) + PIK-1)) * .5 
DTEMP=8c35E-3 * PR/TP 
HEATF=-TDFDZ/DTEMP 
DZKMl=Z!K)**Z(K-l)
IFCK .LTo JMAX)G0 TO 60 
C0NDH=0*
GO TO 48
60 C0NDH= FLUX1 * Z (2)/« T !2)-T11) + 273.)
1 *(DZKM1 * (TtK+1) + 273.) + IZtK+1) - Z(K)> *
2 fT(K~1) + 273.) - (ZlK+1) - Z I K - l »1 * (T(K) + 273.)) /
3 UZ f K + 1 )  - Z !'K) ) * DZKM1 * (ZlK+1) - Z ( K - U ) )
TDEL=!TFDNU - 0F)/DZKM1
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O F  = T F D N l l
C PRINT TOTAL OF K FOR 63 WAVENOo
48 WRITEI3*202) TF,TDFDZ,TFDNU*TDFDNtTDEL,HEATF*CONDH 
202 FORMAT("0s * 'TOTAL* »9X* E14o7»2X, E14.7*3X,E14.7*2X,
1 E14.7»2X,E14.7s2XvE14«7»2X»E14o7I 
WRITE(2*900)K*TF *TFDNU»TDFON*TDEL 
900 FORMAT(I2*4E14« 7)
21 CONTINUE
C
CALL EXIT 
END
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TAUICE3 2E13 IX? WHERE
X = SUM OF (NACJ)*KA(NU) + NB( J) * KB(NU)) * (Z (J+l)-Z(J)) 
AND 2EI3 IS PICKED FROM A TABLE WHICH HAS BEEN READ IN
COMMON TXJ154),T2EI3 (154),TAB42111,8),
1 TAB4l(ll,6),TLH20«63),TLC02(63),
2 Z130 J ,P«30),T(30S,WV(30),V(30),
3 ENA,ENB,NHT,AKA(63),AKB(63),
4 B E T A A (63)«B E T A B (63)»SQ ,NU,
5 WAVEN0I63) ,K.,JMAX
REAL XSC30)
DATA XS/30*0.0/
DO 1 1 = 1,NHT
1 X S (I >~CENA * AKA(NU) + ENB * AKB(NU))
i  * ( Z d+ i !  -  z m »
CALL SUM(XS,JS»K ,NHT,SQ,ICODE,X)
X HAS NOW BEEN COMPUTED* LOOK FOR CLOSEST X IN TX TABLE
IF (X oGTo Oo) GO TO 5 
TAUICE=Io 
RETURN 
5 DO II J=1»153
IF C X .GE. .001) GO TO 2
EXTRAPOLATE VALUE OF 2EI3 IF X .L T C .001
FACTOR3 ITX(i)~X)/(TX(2)“ TX(l))
TAUICE=T2EI3(1) + FACTOR * (T2EI311)- T 2 E I 3 «2))
RETURN
2 IF IX .GE* T X I J ) .AND. X .LT. T X U + l ) )  GO TO 3 
11 CONTINUE
EXTRAPOLATE FOR VALUES OF X .GT. 10 
F A C T O R M X  - TX(154))/(TX(154) - TX f 153) I 
TAUICE=T2EI3(154) -ABSCFACTOR *(T2EI3(154) - T2EI3(153))) 
I F (TAUICE oLT. 0.) TAUICE=0.
RETURN
INTERPOLATE FOR EI3 VALUE
3 F A C T O R = ( X . T X (J ))/(T X (J + l ) - TX(J))
TAUICE=T2EI3(J ) - IT2EI3(J) - T2EI31J+1)) * FACTOR
4 RETURN 
END
FUNCTION TAUICE{ JS,ICODE)
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FUNCTION BLACKB(WAVENO,T)
C BLACKBODY FUNCTION
IFST cEQo Oc) GO TO I
C
BLACKB= 3.86E-8 * WAVEN0**3/CEXP II.4389 * WAVENO/T)-l. ) 
RETURN 
1 BLACKB=0.
RETURN
END
C
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SUBROUTINE SUM{ARRAY,J,K,NHT,SQ,ICODE,U)
REAL ARRAY(30)
U=0o
IFCICODE .EQ. I) 60 TO 5
C
IF IJ - KJ2,12,3
3 I I=K 
I2=J'I 
GO TO 4
C
2 I1=J 
I2=K"1
C
4 DO I J1 = II«12 
SQP=1.
IF{J 1 .IE. N HT)SQP=SQ 
I U=U + ARRAY{J1} * SQP 
12 RETURN
C
C
5 IF f J - K)6,7,8
8 11=K I2=J -  I 
GO TO 9
C
6 IF(J .EQ. K-llGO TO 7
C
11= J + I
I2=K - 1
9 U=0.
DO 11 J1=I1,I2 
SGP=1.
IF(J1 .LE. NHT)SQP=SQ 
11 U=U+ARRAY(Jl) *SQP
7 SQP=1.
IF C J .LE. NHT)SQP=SQ 
U=U ♦ .5*ARRAYIJ) * SQP 
RETURN 
END
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FUNCTION TAUM20 LOOKS UP VALUE IN TABLE 4-1 
TAUM20=AL0G10(U) + TLH20(NU) WHERE U IS THE WATER VAPOR S 
AND TLH20 IS READ IN
COMMON TX1154),T2EI3(154), T A B 4 2 (11,8),
1 TAB41(il,6)vTLH20«63),TLC02(63),
2 Z (30),P(30),T(30),WV(30),V(30),3 ENA«ENBcNHT ,A K A (63), A K B (63)»
4 BETAAI63),BETAB(63),SQP,NU,
5 W A V E N 0 (63),K,JMAX 
REAL X(30)
DO 20 1=1,30
20 x m = w v m
SQ=SQP
CALL S UM(X,J »K9NHT,SQ,IC0DE,U)
TAUM20=ALOG1C (U) + TI.H20INU) -5.0 
IF TAUM20 .LTo -3.7 - 5. EXTRAPOLATE FROM TABLE
IF(TAUM20 + 8o7)6,6,7
6 FACT0R=TAUM20 + 8.7 
TAUM20 = TAB41(4,1) + (TAB41 (5,1)- T A B 4 K 4 , 1)) * FACTOR 
IF (TAUM20 .GT. 1,)TAUM20=1.
RETURN
7 IF(TAUM20 .LT. 3.8) GO TO 5 
TAUM20=0.
RETURN
SEPARATE CHARACTERISTIC AND MANTISSA OF 
AL0G101U) + TLH20(NU)
5 ICHAR=IFIX(TAUM20)
TMAN=ABS(TAUM20 - F L O A T (ICHAR))
TABLE 4-1 EXTENDS FROM -3.7 TO 1.2 
L=- 8
FIND APPROPRIATE COLUMN IN-. TABLE
DO 2 IC=1,6 
C
IF (ICHAR .EQ. L) GO TO 1 
2 L=L+1
C
C FIND APPROPRIATE ROWS IN TABLE 
1 B =1.0
FUNCTION TAUM20( J.ICODE)
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DO 3 IM=lf10 
H=B-.l
IFITMAN d E .  B <, AND® TMAN .GE* H) GO TO 4
C
3 B*B-.l
C
C INTERPOLATE BETWEEN TABLE VALUES
4 FACTOR=CB-TMAN) * 10«
C
TAUM20 = T A B 4 1 (IM*IC) - A B S ((TAB41{IM+1,IC) 
1- TAB41CIM»ICi) * FACTOR)
C
8 RETURN 
END
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C FUNCTION TAUC02 LOOKS UP VALUE FROM TABLE 4-2 
C
COMMON TX{154),T2EI3(154),TAB42(11,8),
1 T A B 4 1 (11,6),TLH20(63),TLCC2(63),
2 Z O O )  ,P(30),T<30) ,WV(30),V*30) ,
3 ENA,ENB,NHT,AKA(63),AKB(63),
4 B E T A A (63),B E T A B (63),SQP,NU,
5 WAVENO (63) »K'., JMAX 
REAL X {30)
C
DO 20 1=1,30
20 x m = v m
SQ=SQP
CALL SUM(X,J ,K,NHT,SQ,ICODE,SUMV)
C
TAUC02=ALOG10(SUMV) *  TLC02(NU) -5.0
C
C IF TAUC02 .LT. -5.2 ■» 5c EXTRAPOLATE FROM TABLE 
IF ( TAUC02 +10.2) 6,6,7
6 FACT0R=TAUC02 +10o2
TAUC02=TAB42(9,1) + (TAB42(10,1) - TAB42(9,1)) * FACTOR 
I F (TAUC02 cGT. 1„) TAUC02=1.
RETURN
C
7 IF(TAUC02 cLE. -3.) GO TO 5 
TAUC02=0.
RETURN
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
5 ICHAR=IFIX(TAUC02)
TMAN=ABS{TAUC02 - F L O A T i ICHAR))
C
C TABLE 4-2 EXTENDS FROM ~5o2 TO 2.0
L=- 1C
C
C FIND APPROPRIATE COLUMN IN TABLE
DO 2 IC=1,8
IF(ICHAR .EQ. L) GO TO 1
2 L=L+1
C
C FIND APPROPRIATE ROWS IN TABLE
1 B=1.0
C
DO 3 IM=1,10
H=B** o 1
IF(TMAN cLE. B .AND. TMAN .GE. H)GO TO 4
3 B=B-o1
C
C INTERPOLATE BETWEEN TABLE VALUES
FUNCTION TAUC02( J,ICODE)
C
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1 9 C
TAUC02 = TABA2 C I C ) - ABSC(TAB42CIM+1,IC) ~ TABA2(IM,IC)) 
1 * FACTOR)
8 RETURN 
END
A FACTOR=IB - THAN) * 10.
C
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FUNCTION CAPA(JS)
COMMON TX(154) 9T 2 E I 3 «154)9T A B 4 2 (11,81,
1 T A B 4 1 (11v6» « T L H 2 0 163), T L C 0 2 (63),
2 Z ( 3 0 ) 9P ( 3 0 1 9T ( 3 0 ) v W V ( 3 0 ) 9V«30),
3 E N A SE N B s N H T s A K A (63)9A K B ( 6 3 ) »
4 B E T A A (63)»B E T A B (63)9SQ 9N U 9
5 WAVEN0(63),K,JMAX 
C SET KAPPA=0 WHEN Z=0
IF(K oGTc 1) GO TO 2
CAPA-Oo
RETURN
C
C NA ANO NB =0 WHEN K GE JS
2 IF(K „GTc JS) GO TO 1
C
CAPA=34o * I O . * * T L H 2 0 (N U ) * (WV(K-l) + WV(K))/
1 (ZSK+li ~ Z (K - l 5) + 3 o 3
A * 10o**TLC02(NU) * P(K$/(T<KJ *  273.)
2 + 2. * {AKA(NU) * ENA + AKB(NU) * ENB)
3 + BETAA(NU) * ENA + BETAB(NU) * ENB
C
RETURN
1 CAPA=34o * 1G.**TLH20(NU) * (WV(K-l) + W V (K 1)/
1 ( ZfK+l )- Z ( K - D )  + 3o3
2 * 10o**TLC02(NU) * P(K)/(T(K) + 273.)
C
3 RETURN 
END
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
19?.
C THIS FUNCTION COMPUTES AN,INTEGRAL OF THE FORM F(Y)**L
C WHERE L= +1 OR “ 1
C
COMMON TX(154)VT2EI3(154), T A B 4 2 (11,8 I ,
1 TAB41(11»6)«T L H 2 0 (63)»TLC02(63)»
2 Z(30)»P(30)»T(30)»WV(30)®V(30)»
3 E N A tE N B 9NHT*AKA(63I,AKB(63)s
4 BETAA163),BETAB«63),SQ SNU,
5 W A VENO(63),K.»JMAX,BLAK(63,30)
CI=0.
IF< J1 cEQ. J2) GO TO 6 
J3=J2” I 
I = J1
IF(K--I >3,4,3
3 TAU1- TAUM20(IsO)*TAUC02CI90)*TAUICE!IvO)
GO TO 9
4 TAU1=1o
C
9 DO 1 I~J1»J3 
J4=I+1
IF ( J4~K? 10,11,10
10 TAU2-TAUM201J4,0)*TAUC02(J4,0)*TAUICE(J4,0)
GO TO 12
11 TAU2=1.
12 TAU3-TAUM20(1,1)*TAUC02(I»1)*TAUICE(I»I)
TAU= (TAUl4TAU2-«-4c*TAU3»/6*
TAU1=TAU2
5 IF 1L «LT« I) GO TO 2
CI= TAU *(BLAK(NU,I+l! • B L A K ( N U , I )) + Cl
GO TO 1
C
2 CI = (BLAKfNU»I + I ) - BLAK(NU,I))/TAU ♦ Cl
C
1 CONTINUE
C
6 RETURN 
END
FUNCTION C I ( J 1 , J 2 # U
C
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4. Recomputation of Elsasser Coefficients
The following program was used to recompute the Elsasser 
coefficients (see Chapter VI).
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C 4 . RECOMPUTATION OF ELSASSER COEFFICIENTS
COMMON TAB42(ll,8)»TAB4nils6)*TLH20C63),TLC02(63) 
REAL S U M 1 (8,3),U S (16)« S U M«16,8,3),WAVEN0C63),DNUI63) 
REAL P f 2 0 ) , P H l l , 2 0 )  ,VS{20)
INTEGER TP C 8)
C READ TABLE IV-2,TAUC02 FOR CARBON DIOXIDE
C
READ«1,303) t I T A B 4 2 U  ,J) , J=l,8) ,1=1,11)
303 FORMAT(2X,2P8F6o2)
READ TABLE IV-1, TAUM20 FOR HATER VAPOR
READ(I,3 0 5 ) ( (TAB41(I,J),J=1,6),1=1,11) 
305 F0RMATC2X,2P6F6o2) .
READ WAVENO DATA FOR 63 WAVE NUMBERS 
DO 30 1=1,63
30 READ Q ,307)NU,WAVENOINU),DNUINU)*TLH20(N U ),TLC02(N U ) 
307 F0RMATU3,2F5.0,2F9c2)
S=.3 
U=-5.3 
J3 = l
DO 1 J = 1 »16 
J3=J3+1 
U=U+S 
US(J)=U 
C
DO 2 1=1,8
C
T=10 * I 
T=273o-T 
TP(I)=T 
S0=0c 
S01=C.
c
DO 3 NU=1,42 
WAVE=WAVENOINU)
C
S0=(l.-TAUM20(NU,U)) * B L ACKB(HAVE,T) * DNUtNU) + SO 
S01 = S01 + t l o - T A U M 2 0 C N U , U n *  DBDT CWAVE,T) * DNU(NU)
C
C
IF CNU .NE- 14) GO TO 3 
SUM!J,I,1)=2c * SO 
SUM111, 1 ) = S01 
3 CONTINUE
SUM(J ,I ,2)=S0 * 2.
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SUM1fI« 2 ) = S01 
S0 = 0.
S01=G.
DO 4 NU=43,63 
WAVE3WAVENO(NU)
SO=(lc - TAUM2G(NU,U)) * BLACKB(WAVE,T) * DNU(NU) + SO
4 S01 = S01 + t l o " T A U M 2 0 ( N U » U n *  DBDT ?WAVE»T) * DNUCNUS 
SUM1 fI,3)=S01
IV~9 • I
P ( I V ) - S U M l U t l )  + SUH111 * 3 >
2 SUM K JvI*3)=S0*2o
C
C PRINT OUT 3 SETS OF SUMS OF ONE ROW 
IFCJ .,GTc I )GO TO 9 
WRITE f 3?204)(T P ?I ),I=1,8)
204 FORMAT?el«p3X»8?5X*I3))
C
9 WRIT6 C 3,2011 U, ( S U M H  1,1) ,1=1,8)
201 FORMAT?°0«,F4.1,8F8o3)
C
WRITE t* 3,202) ((SUM1(I,K),1 = 1,8)»K = 2 ,3 )
202 FORMAT?5X,8F8°3)
C
WRITE?2 * 207){ P ?IV)* IV=3,8)
207 FORMAT(6F10o3)
C
IF(J3 • 3)5,6,6 
6 J3™0 
S=.4 
GO TO I
5 S = . 3 
1 CONTINUE
PRINT COMPLETE TABLE - - 2 
DO 11 J =1,16
PI JS=SUM?J,8»1) + SUM? J , 8 ,3)
IFCJ 0G T 0 IS GO TO 12 
WRITE(3,204MTP(I)»I=1,8)
12 WRITE(3,201)USCJ),(SUM?J*1,1),1=1,8)
11 WRITE(3,202S ?(SUM?J,I,K>,1 = 1 , 8 ) ,K=2,3)
WRITE?2 , 208)(PCJ),J=1,16)
208 FORMAT(8F7c2)
f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
J3=2
U=-3o7
00 13 IU=l,ll 
J3=J3 + 1
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IF C J3 - 3)14,15,15
15 S= • 4 
J3=0
GO TO 16
C
14 S=.3 .
16 U=U -«■ S 
USiIU)=U
V=-3 o 7 
JV3 = 2
C
DO 17 IV = 19 20 
JV3=JV3 + 1 
IFIJV3 3)18,19,19
19 S”o 4 
J V 3 s C
GO TO 20 
18 S-.3
20 V-V + S 
VS CI V1=v so-=o.
S01=0.c
T=233o
Tl=213o
DO 7 NU=15,42
TH=TAUM20tNU,U)
TC=TAUC02tNU,V)
7HTC=TH * TC
C
WAVE-WAVENOfNU?
S0= ( !•“- THTC) * DBDT (WAVE,T) * DNUINU) + SO
C
7 SGl-fl.-THTC) * BLACKB(WAVE,T1)* DNU(NU) ♦ SOI
P«IV?=SO
P1UU,IV) = S01 * 2c
17 CONTINUE
I F U U  cNE. 1) GO TO 10 
WRITE(3,203)T,<VS<IV),IV=1,20)
203 F 0 R M A T ( U1'»44X,»T= % F 5 c O / «  % T 8  »10F10o3/# • ,T8,10F10.3/) 
10 WRITE(3,205)U,( P (I V ),IV=1,20>
205 F0RMATCF6el,T8,10F10o3/« • ,T8 ,10F10*3)
WRITE(2,206)( P(IV), IV=1,20)
206 FORMAT{10F7.3)
13 CONTINUE
C
DO 21 IU=1,11
IF{IU .NE. 1) GO TO 22
WRITE<3,203)Tl,fVStIV),IV=1»20)
22 WRITE(3,205)USJIU),«PI(IU,IV),IV=1,20)
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CALL EXIT 
END
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21 WRITE(2,206)(PitIU,IV),IV=1,20)
C
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C=l.A389 * WAVE 
E*EXPtC/T)
EM1=E-1.
DBDT=l2.59I5E-8 * C**4)/(T*T) *E/(EMI * EMI)
RETURN
END
FUNCTION DBDTCWAVE,T)
C
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FUNCTION TAUM20(NU»U)
FUNCTION TAUM20 LOOKS UP VALUE IN TABLE 4-1 
TAUM20=AL0G10(U> + TLH20INU) WHERE U IS THE WATER VAPOR 
AND TLH20 IS READ IN
COMMON T A B 4 2 (11» 8)*TAB4I(1I»6)»TLH20(63I»TLC02{63) 
TAUM20-U + TLH20INU) - 5.0
IF TAUM20 oLT. -3.7 - 5. EXTRAPOLATE FROM TABLE
IFCTAUM20 + 8o 7 ) 6 16 v7
6 FACT0R=TAUM20 + 8.7 
TAUM20 = TAB41«4,1? «■«T A B 4 I (5,1J - T A B 4 1 C 4 , I U  * FACTOR 
IFITAUM20 oGT. l.)TAUM20=l.
RETURN
7  IF ( T AUM20 oLT.-3.8) GO TO 5 
TAUM20=C.
RETURN
SEPARATE CHARACTERISTIC AND MANTISSA OF 
AL0G10(U> + TLH20(NU)
5 ICHAR-;IFIXITAUM20)
TMAN=ABS(TAUM20 - F L O A T (ICHAR) )
TABLE 4-1 EXTENDS FROM -3.7 TO 1.2 
L=- 8
FIND APPROPRIATE COLUMN IN TABLE 
DO 2 IC = 1,6
IF(ICHAR .EQ. L) GO TO I
2 L = L + 1
FIND APPROPRIATE ROWS IN TABLE 
I B =1.0
DO 3 IM=1,10
H=B-o1
IFfTMAN .LE. B .AND. TMAN .GE. H) GO TO 4
C
3 B=B .1
C
C INTERPOLATE BETWEEN TABLE VALUES
4 FACTOR=(B-TMAN) * 10.
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TAUM20 = TAB41 (IMylC) ” ABS UTAB411IM+ly IC) 
1“ TAB41UM,ICi ) * FACTOR?
8 RETURN 
END
C
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FUNCTION TAUC02 LOOKS UP VALUE FROM TABLE 4-2
COMMON TAB42(11,8),TAB41«11,6),TLH20<63),TLC02<63) 
TAUC02=V + TLC02INU) - 5.0
IF TAUC02 oLTo -5.2 - 5» EXTRAPOLATE FROM TABLE 
IF(TAUC02 + 1 0 o 2) 6,6,7
6 FACTCR-TAUC02 +10.2
TAUC02=TAB42(9,1) + «TAB42C10,1) - TAB4219,1)) * FACTOR
IFCTAUC02 c,GT. 1.) TAUC02=lc
RETURN
7 IF f TAUC02 .LE. ~3o) GO TO 5 
TAUC02S=0.
RETURN
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
5 ICHAR--IFIXITAUC02)
TMAN=ABS(TAUC02 - F L O A T i I CH A R ))
TABLE 4-2 EXTENDS FROM -5.2 TO 2.0 
L--10
FIND APPROPRIATE COLUMN IN TABLE 
DO 2 IC = 1»8
IF (ICHAR .EQ. LI GO TO 1
2 L = L + 1
FIND APPROPRIATE ROWS IN TABLE 
1 B~1o 0
DO 3 IM=1,10
H=B~ o 1
I F (TMAN cLE. B .AND. TMAfc .GE. H)G0 TO 4
3 B=B- . 1
INTERPOLATE BETWEEN TABLE VALUES
4 F ACT0R={B - TMAN) * 10.
TAUC02 = T A B 4 2 I I M , I C ) -ABS U T A B 4 2 I I M + 1 ,  IC) - TAB42IIM,IC 
1 * FACTOR)
8 RETURN 
END
FUNCTION TAUC02 CNU,V)
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B. Ice Crystal Display Results
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ICE CRYSTAL DISPLAY
SOUNDING I* ICE ABSORPTION 0 . 0 0196/M9 DISPLAY DEPTH 0.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE
IMJ (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
203
1. 25 MICRON CRYSTALS* 1400 14 DECEMBER 1961o
o.c -18.2 103.5 -0.333
25.C -18.4 103.8 -0.259
50.0 -18.6 104.0 -0.202
75.0 -18.8 104.2 -0.181
ICOoC -18.9 104.3 -0.186
200.0 -19.6 104.9 -0.151
400. C -21.0 105.8 -0.105
600.0 -22.4 106.5 -0.035
915.C -24.5 106.8 -0.046
1910.0 -24.5 108.1 0.160
1920.0 -24.5 108.1 -0.002
2000.0 -23.4 108.1 -0.229
2C80.0 -22.3 108.5 -0.484
2160.0 -21.2 109.5 -0.682
2170.0 -21.2 109.6 -0.451
2561.0 “ 21.7 113.9 -0.457
3106.0 -23.0 119.5 -0.537
3690.0 -25.2 126.0 -0.524
4310.0 -29.8 132.4 -0.542
4983.C -33.7 139.0 -0.907
6509.0 -46.7 161.4 -0.615
7380.0 -54.0 168.9 -0.403
8363.0 -55.4 173.8 -0.397
19074.0 -50.0 202.0
NEUTRAL HEIGHT AT OR ABOVE TOP OF DISPLAY.
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 1, ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 100. M
0 . 0 1 8 . 2 8 5 . 3 - 4 . 6 2 2
2 5 . C 1 8 . 4 8 9 . 8 - 4 . 7 6 3
5 0 . C - 1 8 . 6 9 4 . 4 - 4 . 9 3 4
7 5  o C - 1 8 . 8 9 9 . 1 - 5 . 1 6 4
1 0 0 . C - 1 8 . 9 1 0 4 . 1 - 0 . 1 9 1
2 0 0 . 0 • 1 9 . 6 1 0 4 . 7 . - 0 . 1 5 3
4 0 0 . C 2 1 . 0 1 0 5 . 7 - 0 . 1 0 6
6 0 0 . 0 - 2 2 . 4 1 0 6 . 3 - 0 . 0 3 6
5 1 5 . 0 - 2 4 . 5 1 0 6 . 7 - 0 . 0 4 7
1 9 1 0 . 0 - 2 4 . 5 1 0 7 . 9 0 . 1 6 0
1 9 2 0 . 0 - 2 4 . 5 1 0 7 . 9 - 0 . 0 0 2
2 0 0 0 . 0 - 2 3 . 4 1 0 7 . 9 - 0 . 2 2 9
2 C 8 0 . C - 2 2 . 3 1 0 8 . 4 - 0 . 4 8 4
2 1 6 0 . 0 - 2 1 . 2 1 0 9 . 3 - 0 . 6 8 3
2 1 7 0 . 0 2 1 . 2 1 0 9 . 5 - 0 . 4 5 2
2 5 6 1 . 0 - 2 1 . 7 1 1 3 . 7 - 0 . 4 5 7
3 1 0 6 . 0 - 2 3 . 0 1 1 9 . 3 - 0 . 5 3 7
3 6 9 0 . 0 - 2 5 . 2 1 2 5 . 9 - 0 . 5 2 4
4 3 1 0 . 0 - 2 9 . 8 1 3 2 . 2 - 0 . 5 4 2
4 9 8 3 . 0 - 3 3 . 7 1 3 8 . 9 - 0 . 9 0 7
6 5 0 9 . 0 - 4 6 . 7 1 6 1 . 2 - 0 . 6 1 5
7 3 8 0 . 0 - 5 4 . 0 1 6 8 . 7 - 0 . 4 0 3
8 3 6 3 . 0 - 5 5 . 4 1 7 3 . 7 - 0 . 3 9 7
1 9 0 7 4 . 0 - 5 0 . 0 2 0 1 . 9
N E U T R A L H E I G H T  A T  O R A B O V E  T O P  O F  D I S P L A Y .
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE 2
(DEG C/12 HR)
IC E  C R Y S T A L  D IS P L A Y
SO U N D IN G  1 ?  IC E  A B S C R P T IO N  0 .0 . 0 1 9 6 / M ,  D I S P L A Y  D E PT H  6 0 0 .  M
0.0 -18.2 35.0 -1.947
25.0 -18.4 36.9 -1.935
50.0 -18.6 38.8 -1.943
75.0 -18.8 40.7 -2.001
100.0 -18.9 42.6 -2.218
200.0 -19.6 51.0 -2.867
400.0 -21.0 72.2 -4.217
600.0 -22.4 102.3 -0.064
915.0 -24.5 102.9 -0.058
1910.0 -24.5 104.5 0.152
1920.0 -24.5 104.4 -0.010
2000.0 -23.4 104.4 -0.237
2080.0 -22.3 104.9 -0.492
2160.0 -21.2 105.9 -0.6.91
2170.C -21.2 106.1 -0.459
2561.0 -21.7 110.3 -0.463
3106.0 -23.0 116.0 -0.541
3690.0 -25.2 122.6 -0.527
4310.0 -29.8 129.0 -0.544
4983.0 -33.7 135.7 -0.908
6509.0 -46.7 158.1 -0.615
7380.0 -54.0 165.6 -0.403
8363.0 -55.4 170.5 -0.397
19074.0 -50.0 198.7
NEUTRAL HEIGHT BETWEEN 400. M AND 200.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) IDEG C) (CAL/SQ CM/12 HR) LAYER ABOVE I
(DEG C/12 HR)
I C E  C R Y S T A L  D I S P L A Y
SO U N D IN G  I*  IC E  A B S O R P T IO N  0 - 0 0 1 9 6 / M ,  D I S P L A Y  O E P T H  9 1 5 .  M
0.0 “ 18.2 22.1 -1.262
25.0 “ 18.4 23.3 -1.211
50.0 -18.6 24.5 -1.179
75 o 0 -18.8 25.6 -1.194
100.C -18.9 26.8 -1.291
200.C -19.6 31.7 -1.573
400.0 -21.0 43.3 -2.207
600.0 -22.4 59.0 “ 3.711
915.0 -24.5 98.9 -0.076
1910.0 -24.5 101.0 0.143
1920.0 -24.5 100.9 -0.020
2000.0 -23.4 101.0 -0.247
2080.0 - 22.3 101.5 -0.502
2160.0 -21.2 102.5 “0.701
2170.0 -21.2 102.6 -0.467
2561.0 -21.7 107.0 -0.469
3106.0 -23.0 112.7 -0.546
3690.0 -25.2 119.4 -0.530
4310.0 -29.8 125.8 -0.546
4983.0 -33.7 132.5 -0.909
6509.0 “ 46.7 154.9 -0.616
7380.0 -54.0 162.5 -0.403
8363.0 -55.4 167.4 -0.397
19074.0 -50.0 195.6
NEUTRAL HEIGHT BETWEEN 400. M AND 2 0 0 . M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  C R Y S T A L  D I S P L A Y
SO U N D IN G  1 ,  IC E  A B S O R P T IO N  0 . 0 0 1 9 6 / M ,  D I S P L A Y  D E PT H  1 9 1 0 .  M
0.0 -18.2 9.4 -0.594
25.0 -18.4 10.0 -0.507
50.0 -18.6 10.5 -0.434
75.0 -18.8 10.9 -0.408
100.0 -18.9 11.3 -0.389
200.0 -19.6 12.8 -0.316
40G.G -21.0 15.1 -0.264
600.0 -22.4 17.0 -0.277
915.0 -24.5 20.0 -2.434
1910.0 -24.5 95.9 0.128
1920.C -24.5 95.8 -0.035
2000.C -23.4 95.9 -0.262
2080.0 -22.3 96.4 -0.517
2160.0 -21.2 97.4 -0.716
2170.0 -21.2 97.6 -0.4«1
2561.G -21.7 102.1 -0.479
3106.0 -23.0 108.0 -0.552
3690.0 -25.2 114.7 -0.534
4310.0 -29.8 121.2 -0.549
4983.0 -33.7 127.9 -0.911
6509.0 -46.7 150.4 -0.617
7380.0 -54.0 157.9 -0.404
8363.0 -55.4 162.9 -0.397
19074.0 -50.0 191.1
NEUTRAL HEIGHT BETWEEN 200. M AND 100.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  C R Y S T A L  O I S P L A Y
SO U N D IN G  1 ,  IC E  A B S O R P T IO N  0 . 0 0 1 9 6 / M ,  D I S P L A Y  D E PT H  1 9 2 0 .  M
0.0 -18.2 9.4 -0.592
25. C -18.4 10.0 -0.504
50.0 -18.6 10.5 -0.432
75.0 -18.8 10.9 "0.406
lOOoC "18.9 11.3 -0.386
200.0 "19.6 12.7 -0.312
400.0 -21.0 15.0 -0.257
600.0 -22.4 16.9 -0.266
915.0 -24.5 19.7 -2.383
1910.0 -24.5 94.0 -6.095
1920.0 -24.5 95.8 -0.035
2000.0 -23.4 95.9 -0.262
2080.0 -•22.3 96.4 -0.517
2160.0 -21.2 97.4 -0.716
2170.0 -21.2 97.6 -0.481
2561.0 -21.7 102.1 -0.479
3106.0 -23.0 108.0 -0.552
3690.0 -25.2 114.7 -0.534
4310.0 -29.8 121.2 -0.549
4983.0 -33.7 127.9 -0.911
6509.0 -46.7 150.4 -0.617
7380.0 -54.0 157.9 -0.404
8363.0 -55.4 162.8 -0.397
19074.0 -50.0 191.1
NEUTRAL HEIGHT BETWEEN 200. M AND 100.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
; » 0 ?
IC E  C R Y S T A L  D I S P L A Y
SO U N D IN G  1 5 IC E  A B S O R P T IO N  0 . 0 0 1 9 6 / K ,  D I S P L A Y  D EPTH  2 0 8 0 .  M
OoC -18.2 8.8 -0.562
25.C -18.4 9.4 "0.473
50.0 -18.6 9.8 -0.399
75.0 -18.8 10.2 -0.3,71
100.0 -18.9 10.6 -0.346
200.0 -19.6 11.9 "0.255
AGO. 0 -21.0 13.8 -0.170
600.0 -22.4 15.0 "0.112
915.0 -24.5 16.2 -1.668
1910.C -24.5 68.2 -4.347
1920.0 -24.5 69.5 -5.128
2000.0 -23.4 81.5 -6.585
2080.0 -22.3 97.0 -0.491
2160.0 -21.2 98.0 "0.699
2170.C -21.2 98.2 -0.472
2561.0 -21.7 102.6 -0.476
3106.0 -23.0 108.4 -0.551
3690.C -25.2 115.1 "0.533
4310.0 -29.8 121.6 -0.549
4983.0 -33.7 128.3 -0.911
6509.0 -46.7 150.7 -0.617
7380.0 -54.0 158.3 -0.404
8363.0 -55.4 163.2 -0.397
19074.0 -50.0 191.5
NEUTRAL HEIGHT BETWEEN 200. M AND 100.M.
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ICE CRYSTAL DISPLAY
SOUNDING 2, ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 0. M
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(Ml (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
2. 25 MICRON CRYSTALS, 1400 24 JANUARY 1962
0.0 -30.4 84.6 0.052
25 o 0 -30.2 84.5 0.003
50. C -30.0 84.5 ■0.035
75.0 -29.8 84.6 -0.045
100.0 -29.7 84.6 -0.006
200.0 -29.1 84.6 -0.044
250.0 -28.3 84.7 "0.208
350.0 26.7 85.4 -0.463
450.0 ■25.1 86.9 “0.756
460.C 25.2 87.1 -0.563
500.0 25.3 87.8 ”0.399
600.0 -26.0 89.1 “0.271
800.0 -27.1 90.7 •0.207
900.0 -27.3 91.4 “0.299
1150.0 - 26.4 93.6 “0.398
1208.0 -26.4 94.3 • 0.306
2103.0 -30.8 101.7 -0.305
2592.0 -32.0 105.5 -0.335
3667.0 -36.9 113.7 -0.362
4911.0 “42.5 122.5 -0.385
6395.0 -49.1 132.0 -0.589
8262.C -53.8 146.5 -1.006
8525.0 -54.4 149.5 -0.380
19832.0 -51.0 177.1
NEUTRAL HEIGHT AT OR ABOVE TOP OF DISPLAY.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE*
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
I C E  C R Y S T A L  D I S P L A Y
SO U N D IN G  2 ,  I C E  A B S O R P T IO N  0 . 0 0 1 9 6 / M ,  D I S P L A Y  D E PT H  1 0 0 .  M
OcO -30.4 69.3 3.772
25.0 • 30.2 72.8 -4.077
50oC ~30o0 76.6 -4.381
75.C - 29.8 80.6 • =-4.654
100.0 -29.7 84.8 -0.002
200.0 -29.1 84.8 -0.042
250.C - 28.3 84.9 -0.206
350.0 -26.7 85.5 -0.461
450.0 -25.1 87.0 -0.755
460.0 ■25.2 87.3 -0.562
500.0 ■25.3 88.0 -0.398
600.C "26.0 89.2 -0.270
800.0 -27.1 90.9 -0.206
900.0 -27.3 91.5 -0.299
1150.0 •26.4 93.7 -0.397
1208.0 -26.4 94.4 -0.306
2103.0 -30.8 101.9 -0.305
2592.0 -32.0 105.6 -0.335
3667.C -36.9 113.8 -0.362
4911.0 -42.5 122.7 -0.385
6395.0 -49.1 132.1 -0.589
8262.0 -53.8 146.6 -1.005
8525.0 -54.4 149.6 -0.380
19832.0 -51.0 177.2
NEUTRAL HEIGHT AT OR ABOVE TOP OF DISPLAY.
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M ) f D E G  C 5 t C A l / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
I D E G  C / 1 2  H R )
SOUNDING 2, ICE ABSORPTION 0.00196/M* DISPLAY DEPTH 460. M
0 . 0 - 3 0 . 4 3 1 . 7 • 1 . 6 8 1
2 5 ,  0 - 3 0 . 2 3 3 . 2 1 . 8 7 6
5 0  o 0 -  3 0 . 0 3 5 . 0 • 2 . 0 6 4
7 5  o 0 - 2 9 . 8 3 6 . 8 - 2 . 2 1 7
1 0 0  oC - 2 9 . 7 3 8 . 9 - 2 . 5 6 3
2 0 0  e C ■ 2 9 . 1 4 8 . 1 - 3 . 1 8 2
2 5 0 . 0 2 8 . 3 5 3 . 8 - 4 . 1 3 7
3 5 0 . 0 - 2 6 . 7 6 8 . 6 - 5 . 6 0 3
4 5 0 . C - 2 5 . 1 8 8 .  4 - 6 . 6 0 4
4 6 0 .  C 2 5 . 2 9 0 . 8 - 0 . 5 0 5
5 0 0 . 0 - 2 5 . 3 9 1 . 4 - 0 . 3 6 1
6 0 0 . 0 - 2 6 . 0 9 2 . 5 - 0 . 2 4 6
8 0 0 . 0 2 7 . 1 9 4 . 1 • 0 . 1 8 9
9 0 0 . 0 2 7 . 3 9 4 . 6 - 0 . 2 8 5
1 1 5 0 . 0 - 2 6 . 4 9 6 . 7 - 0 . 3 8 7
1 2 0 8 . 0 - 2 6 . 4 9 7 . 4 - 0 . 2 9 9
2 1 0 3 . 0 - 3 0 . 8 1 0 4 . 7 - 0 . 3 0 1
2 5 9 2 . 0 - 3 2 . 0 1 0 8 . 4 - 0 . 3 3 2
3 6 6 7 . 0 - 3 6 . 9 1 1 6 . 5 - 0 . 3 6 0
4 9 1 1 . 0 - 4 2 . 5 1 2 5 . 4 - 0 . 3 8 4
6 3 9 5 . 0 - 4 9 . 1 1 3 4 . 8 - 0 . 5 8 9
8 2 6 2 . 0 - 5 3 . 8 1 4 9 . 3 - 1 . 0 0 5
8 5 2 5 . 0 - 5 4 . 4 1 5 2 . 3 - 0 . 3 8 0
1 9 8 3 2 . 0 - 5 1 . 0 1 7 9 . 9
N E U T R A L H E I G H T  B E T W E E N 2 0 0 .  M A N D  1 0 0 . M .
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
J M )  { D E G  C )  ( C A L / S Q  C M / 1 2  H R 5 L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 2 5 ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 600. M
o . c “ 3 0 . 4 2 2 . 3 - 1 . 1 5 6
2 5 . 0 - 3 0 . 2 2 3 . 4 - 1 . 3 2 2
5 0 . 0 - 3 0 . 0 2 4 . 6 1 . 4 7 9
7 5 . 0 - 2 9 . 8 2 5 . 9 - 1 . 6 0 0
1 0 0 . 0 - 2 9 . 7 2 7 . 4 - 1 . 8 5 8
2 0 0 o G - 2 9 . 1 3 4 . 1 - 2 . 3 5 6
2 5 0 . 0 2 8 . 3 3 8 . 3 - 3 . 1 6 6
3 5 0 . 0 - 2 6 . 7 4 9 . 6 - 4 . 3 9 5
4 5 0 . 0 - 2 5 . 1 6 5 . 2 - 5 . 2 3 5
4 6 0 . 0 - 2 5 . 2 6 7 . 0 - 5 . 2 6 2
5 0 0 . 0 • 2 5 . 3 7 4 . 5 - 5 . 7 0 6
6 0 0 . C - 2 6 . 0 9 4 . 3 - 0 . 2 3 4
8 0 0 . 0 - 2 7 . 1 9 5 . 8 - 0 . 1 7 9
9 0 0 . 0 - 2 7 . 3 9 6 . 3 - 0 . 2 7 8
1 1 5 0 . 0 - 2 6 . 4 9 8 . 4 - 0 . 3 . 8 1
1 2 0 8 . 0 - 2 6 . 4 9 9 . 0 - 0 . 2 9 6
2 1 0 3 . 0 - 3 0 . 8 1 0 6 . 2 - 0 . 2 9 9
2 5 9 2 . 0 - 3 2 . 0 1 0 9 . 9 - 0 . 3 3 1
3 6 6 7 . 0 - 3 6 . 9 1 1 8 . 0 - 0 . 3 6 0
4 9 1 1 . 0 - 4 2 . 5 1 2 6 . 8 - 0 . 3 8 4
6 3 9 5 . 0 - 4 9 . 1 1 3 6 . 2 - 0 . 5 8 9
8 2 6 2 . 0 - 5 3 . 8 1 5 0 . 7 - 1 . 0 0 5
8 5 2 5 . 0 - 5 4 . 4 1 5 3 . 7 • 0 . 3 8 0
1 9 8 3 2 . 0 - 5 1 . 0 1 8 1 . 3
N E U T R A L H E I G H T  B E T W E E N 2 0 0 .  M A N D  1 0 0 . M„
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
C M)  ( D E G  C J  ( C A L / S Q  C M / 1 2  H R ) L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 2, ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 900. M
0 . 0 • 3 0 . 4 9 . 5 - 0 . 4 3 6
2 5  c C - 3 0 . 2 9 . 9 - 0 . 5 6 3
5 0 . C - 3 0 . 0 1 0 . 4 " 0 . 6 7 9
7 5 .  C - 2 9 . 8 1 1 . 0 - 0 . 7 5 7
l O O o O - 2 9 . 7 1 1 . 7 - 0 . 8 9 5
2 0 0 . 0 - 2 9 . 1 1 4 . 9 - 1 . 2 2 7
2 5 0 . 0 • 2 8 . 3 1 7 . 1 1 . 8 3 9
3 5 0 . 0 - 2 6 . 7 2 3 . 7 " 2 . 7 5 3
4 5 0 . 0 - 2 5 . 1 3 3 . 4 • 3 . 3 : 8 1
4 6 0 . 0 - 2 5 . 2 3 4 . 6 - 3 . 3 0 8
5 0 0 . 0 - 2 5 . 3 3 9 c  3 - 3 . 4 2 8
6 0 0 . 0 - 2 6 . 0 5 1 . 2 - 4 . 1 4 2
eo o .c - 2 7 . 1 7 9 . 4 - 5 . 3 7 6
9 0 0 . 0 - 2 7 . 3 9 7 . 3 0 . 2 8 0
1 1 5 0 . C - 2 6 . 4 9 9 . 4 - 0 . 3 8 0
1 2 0 8 . 0 - 2 6 . 4 100.0 - 0 . 2 9 5
2 1 0 3 . 0 - 3 0 . 8 1 0 7 . 2 - 0 . 2 9 8
2 5 9 2 . 0 - 3 2 . 0 1 1 0 . 9 - 0 . 3 3 0
3 6 6 7 . 0 • 3 6 . 9 1 1 8 . 9 - 0 . 3 5 9
4 9 1 1 . 0 - 4 2 . 5 1 2 7 . 7 • 0 . 3 8 4
6 3 9 5 . 0 - 4 9 . 1 1 3 7 . 2 - 0 . 5 8 8
8 2 6 2 . 0 - 5 3 . 8 1 5 1 . 6 - 1 . 0 0 5
8 5 2 5 . 0 - 5 4 . 4 1 5 4 . 6 - 0 . 3 8 0
1 9 8 3 2 . 0 - 5 1 . 0 1 8 2 . 2
N E U T R A L H E I G H T  B E T W E E N 7 5 .  M A N D 5 0 . M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
ICE CRYSTAL DISPLAY
SOUNDING 2„ ICE ABSORPTION 0.0.0196/M, DISPLAY DEPTH 1150. M
HEIGHT
IMS
TEMPERATURE 
(DEG C)
FLUX MEAN HEATING RATE*
i CAL/SQ CM/12 HRS LAYER ABOVE Z
CDEG C/12 HRS
c . o 3 0 . 4 3 . 3 - 0 . 0 8 9
2 5 . 0 - 3 0 . 2 3 . 3 " 0 . 1 9 8
5 0 , 0 • 3 0 . 0 3 . 5 - 0 . 2 9 4
7 5 . 0 “ 2 9 . 8 3 . 8 - 0 . 3 5 1
lOOoC “ 2 9 . 7 4 . 1 " 0 . 4 3 1
2 0 0 . 0 - 2 9 . 1 5 . 7 - 0 . 6 8 4
2 5 0 . 0 - 2 8 . 3 6 . 9 - 1 . 2 0 2
3 5 0 . 0 - 2 6 . 7 1 1 . 2 - 1 . 9 6 3
4 5 0 . 0 2 5 . 1 1 8 . 1 - ■ 2 . 4 . 9 1
4 6 0 . 0 - 2 5 . 2 1 9 . 0 - 2 . 3 7 0
5 0 0 . 0 - • 2 5 . 3 2 2 . 4 • 2 . 3 3 6
6 0 0 . 0 - 2 6 . 0 3 0 . 5 - 2 . 6 1 7
8 0 0 . 0 - 2 7 . 1 4 8 . 3 - 3 . 2 7 1
9 0 0 . 0 - • 2 7 . 3 5 9 . 2 -4.999
1 1 5 0 . 0 - 2 6 . 4 99.9 - 0 . 3 7 4
1 2 0 8 . 0 - 2 6 . 4 1 0 0 . 6 - 0 . 2 9 3
2 1 0 3 . 0 - 3 0 . 8 1 0 7 . 7 - 0 . 2 9 8
2 5 9 2 . C - 3 2 . 0 1 1 1 . 4 - 0 . 3 3 0
3 6 6 7 . 0 - 3 6 . 9 1 1 9 . 4 - 0 . 3 5 9
4 9 1 1 . 0 - 4 2 . 5 1 2 8 . 2 “ 0 . 3 8 3
6 3 9 5 . C - 4 9 . 1 1 3 7 . 7 - 0 . 5 8 8
8 2 6 2 . 0 - 5 3 . 8 1 5 2 . 1 - 1 . 0 0 5
8 5 2 5 . 0 - 5 4 . 4 1 5 5 . 1 - 0 . 3 8 0
1 9 8 3 2 . 0 • 5 1 . 0 1 8 2 . 7
NEUTRAL HEIGHT BETWEEN 2 5 .  M AND O.M.
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ICE CRYSTAL DISPLAY
SOUNDING 2, ICE ABSORPTION 0.00196/M9 DISPLAY DEPTH 1208. M
HEIGHT T E M P E R A T U R E F L U X M E A N  H E A T I N G  R A T E ,
C M) ( D E G  C ) ( C A L / S Q  C M / 1 2 H R ) L A Y E R  A i
G . O - 3 0 .  4 2 . 2
fDEG c/i; 
“ 0 . 0 3 0
2 5 .  C - - 3 0 . 2 2 . 2 * 0 . 1 3 5
5 0 . C - 3 0 . 0 2 . 3 ” 0 . 2 2 8
7 5 . ,  C - 2 9 . 8 2 . 6 - 0 . 2 8 1
1 0 0 . C - 2 9 . 7 2 . 8 - 0 . 3 5 2
2 C C . 0 - 2 9 . 1 4 . 1 - 0 . 5 9 1
2 5 0 . 0 2 8 . 3 5 . 1 - 1 . 0 9 2
3 5 0 . 0 - 2 6 . 7 9 . 0 - 1 . 8 2 7
4 5 0 . C - 2 5 . 1 1 5 . 5 2 . 3 3 7
4 6 0  o 0 - 2 5 . 2 1 6 . 3 2 . 2 0 9
5 0 0 . 0 - 2 5 . 3 1 9 . 4 ■ 2 . 1 4 8
6 0 0 . 0 - 2 6 . 0 2 6 . 9 ■ 2 . 3 5 4
e o C v C - 2 7 . 1 4 2 . 9 2 . 9 0 7
9 0 0 . 0 - 2 7 . 3 5 2 . 6 - 4 . 4 6 1
1 1 5 0 . 0 - 2 6 . 4 8 9 . 0 - 6 . 3 2 8
1 2 0 8 . 0 - 2 6 . 4 1 0 0 . 8 - 0 . 2 9 2
2 1 0 3 . 0 - 3 0 . 8 1 0 7 . 9 - 0 . 2 9 7
2 5 9 2 . 0 - 3 2 . 0 1 1 1 . 6 - 0 . 3 3 0
3 6 6 7 . C - 3 6 . 9 1 1 9 . 6 - 0 . 3 5 9
4 9 1 1 c C - 4 2 . 5 1 2 8 . 4 - 0 . 3 8 3
6 3 9 5 . 0 - 4 9 . 1 1 3 7 ,  8 - 0 . 5 8 8
8 2 6 2 . 0 • 5 3 . 8 1 5 2 . 3 • 1 . 0 0 5
8 5 2 5 . 0 - 5 4 . 4 1 5 5 . 3 - - 0 . 3 8 0
1 9 8 3 2 . 0
NEUTRAL
- 5 1 . 0  
HEIGHT BETWEEN
1 8 2 . 9  
2 5 .  M AND 0 .  Me
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
j z n
I C E  C R Y S T A L  D I S P L A Y
S O U N D I N G  3 ,  I C E  A B S O R P T I O N  0 . 0 0 1 9 6 / M ,  D I S P L A Y  D E P T H  0 .
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E
C M)  ( D E G  C )  ( C A L / S C  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
3o 25 MICRON CRYSTALS* COMPOSITE SOUNDING.
O c O - 2 8 . 0 9 0 . 0 - 0 . 1 2 7
2 5 . 0 - 2 8 . 0 9 0 . 1 0 . 1 2 8
5 0 c  0 - 2 8 . 0 9 0 . 2 - 0 . 1 3 0
7 5 . 0 ■ 2 8 . 0 9 0 . 3 " 0 . 1 3 1
1 0 0 . C - 2 8 . 0 9 0 . 4 - 0 . 1 2 4
2 0 0  c 0 ■ 2 8 . 0 9 0 . 8 - 0 . 1 4 5
4 0 0 . 0 • 2 8 . 0 9 1 . 8 - 0 . 1 5 7
6 0 0 . C - 2 8 . 0 9 2 . 8 0 . 1 7 6
1 C C 0 . 0 - 2 8 . 0 9 4 . 9 - 0 . 1 9 9
1 1 6 7 . 0 • 2 8 . 0 9 5 . 9 - 0 . 2 3 1
1 6 0 2 . C - 2 8 . 0 9 8 . 8 - 0 . 3 0 9
2 0 6 5 c  C - 2 8 . 0 1 0 2 . 5 - 0 . 4 2 8
2 3 0 8  o 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . 0 - 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . C - 2 8 . 6 1 0 6 , 5 0 . 4 1 4
2 5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 ■ 0 . 4 4 7
4 2 5 0 . C 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . C - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  A T  O R A B O V E  T O P  O F  D I S P L A Y .
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2 1 ^
I C E  C R Y S T A L  D I S P L A Y
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  2
( D E G  C / 1 2  H R )
SOUNDING 3, ICE ABSORPTION 0.00196/K, DISPLAY DEPTH 100. M
0 . 0 • 2 8 . 0 7 4 . 0 ■ 4 . 1 4 2
2 5 . 0 - 2 8 . 0 7 7 . 8 - 4 . 3 7 0
5 0  . 0 - 2 8 . 0 8 1 . 8 ■ 4 . 6 1 1
7 5 . 0 - 2 8 . 0 8 6 . 0 ■ 4 . 8 6 4
1 0 0 . 0 - 2 8 . 0 9 0 . 4 • 0 . 1 2 4
2 0 0 . 0 - 2 8 . 0 9 0 . 8 - 0 . 1 4 5
4 0 0 . 0 2 8 . 0 9 1 . 8 • 0 . 1 5 7
6 0 0 . 0 " 2 8 . 0 9 2  o 8 “ 0 . 1 7 6
1 0 0 0 . 0 - 2 8 . 0 9 4 . 9 0 . 1 9 9
1 1 6 7 . 0 - 2 8 . 0 9 5 . 9 0 . 2 , 3 1
1 6 0 2 . C - 2 8 . 0 9 8 . 8 “ 0 . 3 0 9
2 0 6 5 . 0 • 2 8 . 0 1 0 2 . 5 - 0 . 4 2 8
2 3 0 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . 0 • 2 8 . 0 1 0 5 . 8 ■ 0 . 5 0 9
2 4 0 8 . 0 - 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . C • 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 • 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 " 0 . 2 9 4
5 4 0 2 . C 4 2 . 5 1 3 0 . 6 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 “ 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 “ 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 “ 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  A T  O R A B O V E  T O P  O F  D I S P L A Y .
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 3* ICE ABSORPTION 0.00196/M* DISPLAY DEPTH 600. M
0 . 0 - 2 8 . 0 2 7 . 8 ■ 1 . 5 5 4
2 5 . 0 ■ 2 8 . 0 2 9 . 2 1 . 6 4 0
5 0 . 0 - 2 8 . 0 3 0 . 7 • 1 . 7 3 0
7 5 . 0 - 2 8 . 0 3 2 . 3 - 1 . 8 2 6
1 0 0 . 0 - 2 8 . 0 3 3 . 9 - 2 . 0 8 7
2 0 0 . 0 - 2 8 . 0 4 1 . 5 - 2 . 8 9 8
4 0 0 . 0 - 2 8 . 0 6 2 . 0 - 4 . 4 5 1
6 0 0 . 0 - 2 8 . 0 9 2 . 8 - 0 . 1 7 6
1 C 0 0 . C - 2 8 . 0 9 4 . 9 - 0 . 1 9 9
1 1 6 7 . 0 - 2 8 . 0 9 5 . 9 - 0 . 2 3 1
1 6 0 2 . 0 - 2 8 . 0 9 8 . 8 “ 0 . 3 0 9
2 0 6 5 . 0 - 2 8 . 0 1 0 2 . 5 - 0 . 4 2 8
2 3 0 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . 0 - 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . 0 - 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0 . 0 • 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 C 8 6 . C ■ • 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 • 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 “ 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  B E T W E E N 2 0 0 .  M A N D  1 0 0 . M .
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 3 1 ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 1167. M
C o C ' ■ 2 8 . 0 9 . 1 ' 0 . 5 1 2
2 5 . 0 2 8 . 0 9 . 6 - 0 . 5 4 0
5 0 o  0 ■ 2 8 . 0 1 0 . 1 - 0 . 5 7 0
7 5 . 0 - 2 8 . 0 1 0 . 6 - 0 . 6 0 1
1 0 0 . C - 2 8 . 0 1 1 . 2 - 0 . 6 8 7
2 0 0 . 0 2 8 . 0 1 3 . 7 - 0 . 9 5 4
4 0 0 . 0 - 2 8 . 0 2 0 . 4 - 1 . 4 6 5
6 0 0 . 0 2 8 . 0 3 0 . 5 2 . 8 4 9
1 C 0 0 . C - 2 8 . 0 6 8 . 4 - 5 . 1 3 1
1 1 6 7 . 0 • 2 8 . 0 9 5 . 9 - 0 . 2 3 1
1 6 0 2 . 0 - 2 8 . 0 9 B . 8 - 0 . 3 0 9
2 0 6 5 . 0 - 2 8 . 0 1 0 2 . 5 - 0 . 4 2 8
2 3 0 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . 0 - 2 8 . 0 1 0 5 . 8 • 0 . 5 0 9
2 4 0 8 . 0 - 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 C 8 6 . C 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 • 0 . 2 6 5
8 7 3 1 . 0 ” 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L  H E I G H T  B E T W E E N  7 5 .  M A N D  5 0 . M .
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E
( M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R  I L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 3 v ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 2308.
0 . 0 - 2 8 . 0 1 . 0 - 0 . 0 5 5
2 5 . 0 - 2 8 . 0 1 . 0 • 0 . 0 5 8
5 0 . 0 - 2 8 . 0 1 . 1 - 0 . 0 6 1
7 5 . 0 - 2 8 . 0 1 . 1 - 0 . 0 6 4
1 C 0 . C - 2 8 . 0 1 . 2 - 0 . 0 7 3
2 0 0 . 0 - 2 8 . 0 1 .  5 ” 0 . 1 0 2
4 0 0 . 0 - 2 8 . 0 2 . 2 - 0 . 1 5 7
6 0 0 . 0 - 2 8 . 0 3 . 3 - 0 . 3 0 4
1 0 0 0 . 0 - 2 8 . 0 7 . 3 - 0 . 5 4 8
1 1 6 7 . 0 2 8 . 0 1 0 . 2 - 1 . 0 8 0
1 6 0 2 . 0 2 8 . 0 2 4 . 8 ■ 2 . 8 8 2
2 0 6 5 . 0 - 2 8 . 0 6 3 . 7 - 6 . 1 1 7
2 3 C 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . C 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . 0 - 2 8 . 6 1 0 6 . 5 0 . 4 1 4
2 5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 4 • 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 6 “ 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . C - 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L  H E I G H T  B E T W E E N  2 5 .  M A N D  O . K .
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E
I M  > C O E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 3, ICE ABSORPTION 0.00196/M, DISPLAY DEPTH 2358.
0 . 0 - 2 8 . 0 0 . 9 - 0 . 0 5 0
2 5 . 0 • 2 8 . 0 0 . 9 - 0 . 0 5 2
5 0 . 0 2 8 . 0 1 . 0 ' - 0 . 0 5 5
7 5 . 0 - 2 8 . 0 1 . 0 - 0 . 0 5 8
1 0 0 . 0 - - 2 8 . 0 1 . 1 - 0 . 0 6 7
2 0 0 . C -  2 8 . 0 1 . 3 - 0 . 0 9 2
4 0 0 . C • 2 8 . 0 2 . 0 - 0 . 1 4 2
6 0 0 . 0 ■ 2 8 . 0 3 . 0 - 0 . 2 7 6
1 0 0 0 . 0 - 2 8 . 0 6 . 6 - 0 . 4 9 7
1 1 6 7 . 0 - 2 8 . 0 9 . 3 - 0 . 9 7 9
1 6 0 2 . 0 • 2 8 . 0 2 2 . 4 - 2 . 6 1 3
2 0 6 5 . 0 - 2 8 . 0 5 7 . 7 ■ 5 . 5 4 6
2 3 0 8 . 0 - 2 8 . 0 9 5 . 3 - 7 . 6 8 2
2 3 5 8 . 0 - 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . 0 - 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 4 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4  o 2 - 0 . 2 9 4
5 4 0 2 . C - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 , 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  B E T W E E N 2 5 .  M A N D O . M .
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
I M  i ( D E G  C )  ( C A L / S Q  C M / 1 2  H R ) L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 3, ICE ABSORPTION 0,OOI96/M, DISPLAY DEPTH 2408. M
0 . 0 - 2 8 . 0 0 . 8 - 0 . 0 4 5
2 5 . 0 - 2 8 . 0 0 . 8 - 0 . 0 4 7
5 0 .  C - 2 8 . 0 0 . 9 - 0 . 0 5 0
7 5 . 0 -  2 8 . 0 0 . 9 - 0 . 0 5 3
1 0 0 . 0 2 8 . 0 1 . 0 - 0 . 0 6 0
2 0 0 . 0 - 2 8 . 0 1 . 2 - 0 . 0 8 4
4 0 0 . 0 - 2 8 . 0 1 . 8 - 0 . 1 2 9
6 0 0 . 0 • 2 8 . 0 2 . 7 - 0 . 2 5 0
1 0 0 0 . 0 - 2 8 . 0 6 . 0 - 0 . 4 , 5 1
1 1 6 7 . 0 - 2 8 . 0 8 . 4 0 . 8 8 8
1 6 0 2 . 0 - 2 8 . 0 2 0 . 4 2 . 3 7 1
2 0 6 5 .  0 - 2 8 . 0 5 2 . 4 - 5 . 0 3 3
2 3 0 8 . 0 - 2 8 . 0 8 6 . 5 6 . 9 7 4
2 3 5 8 . 0 - 2 8 . 0 9 6 . 0 7 , 6 1 4
2 4 0 8 . 0 2 8 . 6 1 0 6 . 4 0 . 4 1 7
2 5 6 0 . 0 - 2 9 . 3 1 0 7 . 9 - 0 . 4 4 1
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 3 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 7 " 0 . 4 4 7
4 2 5 0 . 0 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 6 - 0 . 5 . 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 1 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 ■ 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 8
N E U T R A L H E I G H T  B E T W E E N 2 5 .  M A N D O . M .
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4. LARGE CRYSTALS, COMPOSITE SOUNDING.
I C E  C R Y S T A L  D I S P L A Y
S O U N D I N G  3 ,  I C E  A B S O R P T I O N  0 . 0 0 8 0 0 / M ,  D I S P L A Y  D E P T H  1 0 0 .  M
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
I M 1 ( D E G  C )  ( C A L / S Q  C M / 1 2  H R !  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
0 . 0 - 2 8 . 0 4 0 . 4 - 9 . E 0 1
2 5 . 0 2 8 . 0 4 9 . 5 - 1 2 . 0 2 5
5 0 . 0 - 2 8 . 0 6 0 . 5 - 1 4 . 7 5 4
7 5 . 0 - 2 8 . 0 7 4 . 0 - 1 8 . 1 0 2
1 0 0 . 0 - 2 8 . 0 9 0 . 4 - 0 . 1 2 4
2 0 0 . C - 2 8 . 0 9 0 . 8 - 0 . 1 4 5
4 0 0 . 0 - 2 8 . 0 9 1 . 8 - 0 . 1 5 7
6 0 0 . C - ’ 2 8 . 0 9 2 . 8 - 0 . 1 7 6
1 0 0 0 . 0 • 2 8 . 0 9 4 . 9 - 0 . 1 9 9
1 1 6 7 . 0 2 8 . 0 9 5 . 9 - 0 . 2 3 1
1 6 0 2 . 0 - 2 8 . 0 9 8 . 8 - 0 . 3 0 9
2 0 6 5 . 0 - 2 8 . 0 1 0 2 . 5 - 0 . 4 2 8
2 3 0 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 6 . 0 - 2 8 . 0 1 0 5 . 8 0 . 5 0 9
2 4 0 8 . C - 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0 . 0 “ 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 4 • 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . C - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 - 0 , 3 9 4
2 0 4 6 6 . 0 • 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  A T  O R A B O V E  T O P  O F  D I S P L A Y .
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ICE CRYSTAL DISPLAY
HEIGHT TEFPERATURE FLUX MEAN HEATING RATE
{Mil {DEG C) (CAL/SQ CM/12 HR? LAYER ABOVE Z
{DEG C/12 HR)
SOUNDING 3* ICE ABSORPTION 0.00800/K, DISPLAY DEPTH 600.
0 . 0 2 8 . 0 0 . 7 -0.180
2 5 . 0 2 8 . 0 0 . 9 0 . 2 2 0
5 0 . 0 - 2 8 . 0 1 . 1 0 . 2 7 0
7 5 . 0 • 2 8 . 0 1 . 4 • 0 . 3 3 2
l O O o C - 2 8 . 0 1 , 7 - 0 . 5 6 7
£ 0 0 .  c - 2 8 . 0 3 . 7 - 2 . 0 9 2
4 C C . G 2 8 . 0 1 8 . 5 1 0 . 7 4 4
6 0 0 . C -  2 8 . 0 9 2 . 8 - 0 . 1 7 6
1 C 0 0 . . 0 2 8 . 0 9 4 . 9 • 0 . 1 9 9
1 1 6 7  o 0 - 2 8 . 0 9 5 . 9 • 0 . 2 3 1
1 6 0 2  .  C • 2 8 . 0 98.8 • 0 . 3 0 9
2 0 6 5  .  0 - 2 8 . 0 1 0 2 . 5 - 0 . 4 2 8
2 3 0 8  c C - 2 8 . 0 1 0 5 . 1 • 0 . 5 7 0
2 3 5 8 . 0 • 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . C - 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0  .  0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . .  0 - 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 c C - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2  .  0 - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . C - 5 1 . 2 1 4 3 . 2 • 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6  o C - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
NEUTRAL HEIGHT BETWEEN 2 5 .  H AND 0. Mo
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H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M ) ( D E G  C >  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
ICE CRYSTAL DISPLAY
SOUNDING 3 1 IC E  A BSO R PT IO N  0 .,0 0 8 0 0 /M , D IS P L A Y  DEPTH  1 1 6 7 .  M
0 . 0 • 2 8 . 0 0 . 0 • 0 . 0 0 2
2 5 . 0 2 8 . , 0 0 . 0 - 0 . 0 0 2
5 0 o 0 - 2 8 . 0 o . o “ 0 . 0 0 3
7 5 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 4
1 0 0 . 0 - 2 8 . 0 0 . 0 “ 0 . 0 0 6
2 0 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 2 2
4 0 0 . 0 - 2 8 . 0 0 . 2 - 0 . 1 1 5
6 0 0 . 0 - 2 8 . 0 1 . 0 • 1 . 8 0 1
1 C 0 C . 0 - 2 8 . 0 2 5 . 0 -  1 3 . 2 5 0
1 1 6 7 . 0 • 2 8 . 0 9 5 . 9 - 0 . 2 3 1
1 6 0 2 . 0 - 2 8 . 0 9 8 . 8 - 0 . 3 0 9
2 0 6 5 . 0 - 2 8 . 0 1 0 2 . 5 “ 0 . 4 2 8
2 3 0 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . 0 • • 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . 0 • 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2 5 6 0 . G 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 C 8 6 . 0 " 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 “ 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 • 0 . 2 9 4
5 4 0 2 . C - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . C - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  B E T W E E N 2 5 .  M A N D O . M .
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ICE CRYSTAL DISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
I M S  ( D E G  C S  C C A L / S Q  C M / 1 2  H R !  L A Y E R  A B O V E  Z
f D E G  C / 1 2  H R )
SOUNDING 3, ICE ABSORPTION 0.00800/M, DISPLAY DEPTH 2308. M
0 . 0 2 8 . 0 0 . 0 - • O o O O O
2 5  o O ~ 2 8  < 0 0 . . 0 - O o O O O
5 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
7 5 . 0 “ 2 8 . 0 0 . 0 " 0 . 0 0 0
1 0 0 . 0 • 2 8 . 0 0 . 0 • 0 . 0 0 0
2 0 0 . C • 2 8 . 0 0 . 0 - 0 . 0 0 0
4 0 0  c 0 - - 2 8 . 0 0 . 0 - 0 . 0 0 0
6 C 0  . 0 2 8 . 0 0 . 0 0 . 0 0 0
1 0 0 0 . 0 " 2 8 . 0 0 . 0 ■ 0 . 0 0 1
1 1 6 7 . 0 - 2 8 . 0 0 . 0 - 0 o 0 2 5
1 6 0 2 . 0 • 2 8 . 0 0 . 3 " 1 . 0 6 1
2 0 6 5 . 0 - 2 8 . 0 1 4 . 7 • 1 3 . 3 4 7
2 3 0 8 . 0 - 2 8 . 0 1 0 5 . 1 - 0 . 5 7 0
2 3 5 8 . 0 - 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . 0 2 8 . 6 1 0 6 . 5 - 0 . 4 1 4
2  5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 4 • 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 2 - 0 . 6 6 6
7 4 7 8 . C - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . 0 • 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
N E U T R A L H E I G H T  B E T W E E N 2 5 .  M A N D O . M .
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ICE CRYSTAL DISPLAY
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
*M ) IDEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
SOUNDING 3 ,  ICE  ABSORPTION 0 .0 0 8 0 0 / M v D IS P LA Y  DEPTH 2 3 5 8 .  M
O c C - 2 8 . 0 0.0 -0.000
2 5 . 0 - 2 8 . 0 0.0 - 0 . 0 0 0
5 0 . 0 2 8 . 0 0 . 0 ■0.000
7 5 . 0 - 2 8 . 0 0.0 -0.000
100.0 • 2 8 . 0 0.0 -0.000
2 0 0  o 0 - 2 8 . 0 0.0 •0.000
4 0 0 . 0 - 2 8 . 0 0.0 - 0 . 0 0 0
6 0 0  .  0 2 8 . 0 0.0 “0.000
1C00.0 - 2 8 . 0 0.0 0 . 0 0 1
1 1 6 7 . 0 - 2 8 . 0 0 . 0 “ 0 . 0 1 7
1 6 0 2 . 0 - 2 8 . 0 0 . 2 - 0 . 7 , 1 1
2 0 6 5 . 0 - 2 8 . 0 9 . 8 - 8 . 9 4 6
2 3 0 8 . 0 - 2 8 . 0 7 0 . 5 - 2 5 . 8 3 0
2 3 5 8 . 0 - 2 8 . 0 1 0 5 . 8 - 0 . 5 0 9
2 4 0 8 . 0 - 2 8 . 6 1 0 6 , 5 - 0 . 4 1 4
2 5 6 0 . 0 - 2 9 . 3 1 0 8 . 0 - 0 . 4 4 0
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 4 - 0 . 4 3 9
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 8 - 0 . 4 4 7
4 2 5 0 . 0 -38.3 1 2 4 . 2 - 0 . 2 9 4
5 4 0 2 . C - 4 2 . 5 1 3 0 . 6 - 0 . 5 1 1
6 8 8 3 . C - 5 1 . 2 1 4 3 . 2 “ 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 9 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 9 - 0 . 2 6 5
8 7 3 1 . C - 5 4 . 0 1 5 3 . 5 - 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 9
NEUTRAL HEIGHT BETWEEN 2 5 .  M AND 0 . M.
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ICE CRYSTAL OISPLAY
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
t M ) ( O E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
SOUNDING 3, ICE ABSORPTION 0.00800/M* DISPLAY DEPTH 2408. M
o . c - 2 8 . 0 0 . 0 - 0 . 0 0 0
2 5 . 0 - 2 8 . 0 O o O - 0 . 0 0 0
5 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
7 5 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
1 0 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
2 0 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
4 0 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
6 0 0 . 0 - 2 8 . 0 0 . 0 - 0 . 0 0 0
1 0 0 0 . c - 2 8 . 0 0 . 0 - 0 . 0 0 1
1 1 6 7 . 0 - 2 8 . 0 0 . 0 - 0 . 0 1 1
1 6 0 2 . 0 - 2 8 . 0 0 . 2 - 0 . 4 7 8
2 0 6 5 . 0 - 2 8 . 0 6 . 6 - 6 . 0 1 7
2 3 0 8 . 0 - 2 8 . 0 4 7 . 4 - 1 7 . 3 8 5
2 3 5 8 . 0 - 2 8 . 0 7 1 . 2 - 2 5 . 7 2 7
2 4 0 8 . 0 - 2 8 . 6 1 0 6 . 2 - 0 . 4 2 5
2 5 6 0 . 0 - 2 9 . 3 1 0 7 . 7 - 0 . 4 4 3
3 0 8 6 . 0 - 3 2 . 0 1 1 3 . 1 - 0 . 4 4 0
3 6 4 9 . 0 - 3 5 . 2 1 1 8 . 5 - 0 . 4 4 7
4 2 5 0 . 0 - 3 8 . 3 1 2 4 . 0 - 0 . 2 9 4
5 4 0 2 . 0 - 4 2 . 5 1 3 0 . 4 - 0 . 5 1 1
6 8 8 3 . 0 - 5 1 . 2 1 4 3 . 0 - 0 . 6 6 6
7 4 7 8 . 0 - 5 4 . 5 1 4 8 . 7 - 0 . 4 1 6
7 6 5 6 . 0 - 5 5 . 0 1 4 9 . 7 - 0 . 2 6 5
8 7 3 1 . 0 - 5 4 . 0 1 5 3 . 3 ” 0 . 3 9 4
2 0 4 6 6 . 0 - 4 7 . 0 1 8 3 . 7
N E U T R A L H E I G H T  B E T W E E N 2 5 .  M A N D 0  .  Me
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5. SNOW, COMPOSITE SOUNDING,
ICE CRYSTAL DISPLAY
SOUNDING 3, ICE ABSORPTION 0.08000/M, DISPLAY DEPTH 100. M
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
0.0 -28.0 0.0 -0.210
25.0 -28.0 0.2 -1.559
50.0 -28.0 1.7 -11.572
75.0 -28.0 12.2 -85.889
100.0 -28.0 90.4 -0.124
200.0 -28.0 90.8 -0.145
400.0 -28.0 91.8 -0.157
600.0 -28.0 92.8 -0.176
1000.0 -28.0 94.9 “0.199
1167.0 -28.0 95.9 -0.231
1602.0 -28.0 98.8 ”0.309
2065.0 -28.0 102.5 -0.428
2308.0 -28.0 105.1 -0.570
2358.0 -28.0 105.8 -0.509
2408.0 -28.6 106.5 “0.414
2560.0 -29.3 108.0 -0.440
3086.0 -32.0 113.4 -0.439
3649.0 -35.2 118.8 -0.447
4250.0 -38.3 124.2 -0.294
5402.0 -42.5 130.6 -0.511
6883.0 -51.2 143.2 -0.666
7478.0 -54.5 148.9 -0.416
7656.0 -55.0 149.9 -0.265
8731.0 -54.0 153.5 -0.394
20466.0 -47.0 183.9
NEUTRAL HEIGHT BETWEEN 25. M AND O.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG CJ (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR S
IC E  C R Y ST A L  D IS P L A Y
SOUNDING 3 ,  IC E  A B SO R PT IO N  0 .0 8 0 0 0 / M ,  D IS P L A Y  DEPTH 6 0 0 .  H
0.0 -28.0 0.0 -0.000
25.0 -28.0 0.0 -0.000
50.0 -28.0 0.0 -0.000
75.0 -28.0 0.0 -0.000
100.0 -28.0 0.0 -0.000
200.0 -28.0 0.0 -0.000
400.0 -28.0 0.0 -13.426
600.0 -28.0 92.8 -0.176
1000.0 -28.0 94.9 -0.199
1167.0 -28.0 95.9 -0.231
1602.0 -28.0 98.8 -0.309
2065.0 -28.0 102.5 -0.428
2308.0 -28.0 105.1 -0.570
2358.0 -28.0 105.8 -0.509
2408.0 -28.6 106.5 -0.414
2560.0 -29.3 108.0 -0.440
3086.0 -32.0 113.4 -0.439
3649.0 -35.2 118.8 -0.447
4250.0 -38.3 124.2 -0.294
5402.0 -42.5 130.6 -0.511
6883.0 -51.2 143.2 -0.666
7478.0 -54.5 148.9 -0.416
7656.0 -55.0 149.9 .-0.265
8731.0 -54.0 153.5 -0.394
20466.0 -47.0 183.9
NEUTRAL HEIGHT BETWEEN 25. M AND O.M.
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IC E  C R Y ST A L  D IS P LA Y
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG CJ (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
SOUNDING 3 ,  IC E  ABSO RPT IO N  0 .0 8 0 0 0 / M ,  D IS P L A Y  OEPTH 1 1 6 7 . M
OcO -28.0 0.0 “0.000
25.0 -28.0 0.0 *0.000
50 cO -28.0 OcO -0.000
75.0 -28.0 0.0 -0.000
100.0 -28.0 0.0 -0.000
200.0 -28.0 0.0 -0.000
400.0 -28.0 Q.O “0.000
600.0 -28.0 0.0 “0.000
1000.0 -28.0 0.0 “ 17.910
1167.0 -28.0 95.9 -0 .2.31
1602.0 -28.0 98.8 -0.309
2065.0 -28.0 102.5 -0.428
2308.0 -28.0 105.1 -0.570
2358.0 -28.0 105.8 -0.509
2408.0 -28.6 106.5 -0.414
2560.0 -29.3 108.0 -0.440
3086.0 -32.0 113.4 -0.439
3649.0 -35.2 118.8 -0.447
4250.0 -38.3 124o2 -0.294
5402.0 -42.5 130.6 -0.511
6883.0 -51.2 143.2 -0.666
7478.0 -54.5 148.9 -0.416
7656.0 -55.0 149.9 -0.265
8731.0 -54.0 153.5 -0.394
20466.0 -47.0 183.9
NEUTRAL HEIGHT BETWEEN 25. M AND 0. M.
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ICE  CRYSTAL D IS P L A Y
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
SOUNDING 3 ,  IC E  ABSO RPTIO N  0 .0 8 0 0 0 / M ,  D IS P LA Y  DEPTH 2 3 0 8 .  M
0.0 -28.0 -0.0 -0.0
25.0 -28.0 - 0.0 -0.0
50.0 -28.0 -0.0 -0.000
75.0 -28.0 0.0 -0.000
100.0 -28.0 0.0 -0.000
200.0 -28.0 0.0 -0.000
400.0 -28.0 0.0 -0.000
600.0 -28.0 0.0 “0.000
1000.0 -28.0 0.0 “0.000
1167.0 -28.0 0.0 “0.000
1602.0 -28.0 0.0 "0.000
2065.0 -28.0 0.0 -15.511
2308.0 -28.0 105.1 -0.570
2358.0 -28.0 105.8 -0.509
2408.0 -28.6 106.5 -0.414
2560.0 -29.3 108.0 -0.440
3086.0 -32.0 113.4 “0.439
3649.0 -35.2 118.8 -0.447
4250.0 -38.3 124.2 -0.294
5402.0 -42.5 130.6 -0.5,11
6883.0 -51.2 143.2 -0.666
7478.0 -54.5 148.9 -0.416
7656.0 -55.0 149.9 -0.265
8731.0 -54.0 153.5 -0.394
20466.0 -47.0 183.9
NEUTRAL HEIGHT BETWEEN 25. M AND O.M.
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IC E  C R Y S T A L  D I S P L A Y
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
SO U N D IN G  3 ,  IC E  A B S O R P T IO N  0 . 0 8 0 0 0 / M ,  D I S P L A Y  D EPT H  2 3 5 8 .  M
0.0 -28.0 -0.0 -0.0
25.C -28.0 -0.0 -0.0
50.C -28.0 -0.0 -0.0
75.0 -28.0 -OcO -0.0
100.0 -28.0 -0.0 -0.000
200.0 -28.0 0.0 -0.000
400.0 •28.0 0.0 -0.000
600.0 -28.0 0.0 -0.000
1000.0 -28.0 0.0 -0.000
1167.0 -28.0 OcO -0.000
1602.C -28.0 0.0 “0.000
2065oG -28.0 OcO -0.284
2308.C -28.0 1 c9 -75.900
2358.0 -28.0 105.8 -0.509
2408.0 -28.6 106.5 -0.414
2560.0 -29.3 108.0 -0.440
3086.C -32.0 113.4 -0.439
3649.0 -35.2 118.8 -0.447
4250.0 -38.3 124.2 -0.294
5402.0 -42.5 130.6 •0.511
6883.0 -51.2 143.2 -0.666
7478.0 -54.5 148.9 -0.416
7656.0 -55.0 149.9 -0.265
8731.0 -54.0 153.5 -0.394
20466.0 -47.0 183.9
NEUTRAL HEIGHT BETWEEN 25. M AND 0. M.
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IC E  C R Y S T A L  D I S P L A Y
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
<M> (DEG C) (CAL/SQ CM/12 HR > LAYER ABOVE Z
(DEG C/12 HRJ
SO UN D ING  3 ,  IC E  A B S O R P T IO N  0 . 0 8 0 0 0 / M ,  D I S P L A Y  D EPT H  2 4 0 8 .  M
0.0 -28.0 0.0 - 0.0
25.0 -28.0 -0.0 -O.O
50. C -28.0 -0.0 •0.0
75.0 -28.0 -0.0 -0.0
lOOoO -28.0 -0.0 •-0.000
200.C -28.0 0.0 -0.000
400.0 -28.0 0.0 -0.000
600.0 -28.0 0.0 "0.000
1000.0 -28.0 0.0 "0.000
1167.0 -28.0 0.0 "0.000
1602.0 -28.0 0.0 "0.000
2065.0 -28.0 0.0 "0.006
2308.0 -28.0 0.0 ■1.535
2358.0 -28.0 2.1 -75.701
2408.0 -28.6 105.0 -0.469
2560.0 - 29.3 106.7 -0.452
3086.0 -32.0 112.2 -0.443
3649.0 -35.2 117.7 •0.449
4250.0 -38.3 123.2 -0.295
5402.0 -42.5 129.6 -0.512
6883.0 -51.2 142.2 -0.666
7478.0 -54.5 147.9 -0.416
7656.C -55.0 148.9 -0.265
8731.0 -54.0 152.5 -0.394
20466.0 -47.0 182.9
NEUTRAL HEIGHT BETWEEN 25. M ANO O.M.
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The ice fog program with scattering included proved to be very 
time-consuming, requiring around two hours on the IBM 360 computer 
for a single complete sounding, (In contrast, the gray program 
required less than a minute per sounding, taking slightly over 14 
minutes to compute the cooling rates for all heights for 27 combin­
ations of fog height, number density, size distribution and degree of
dF
blackness.) Furthermore, the formula for ^  proved to be computation­
ally unstable at the intervals of z used. It is probable that a
modified (and stable) program can be written for dF/dz at some time
dF AFin the future. At the present time, is being approximated by ~  .
It is clearly not practical to attempt to run all of the eleven 
cases in Table IV-12 for both soundings. Consequently, the scattering 
program was run for five cases near the diagonal of Table IV-12: 
na = 100, z * 10 m; nfl = 200, z = 20 m; n^ = 200, z = 20 m; n^ = 500, 
z = 50 m; and n^ « 1000, z * 100 m. The composite sounding for ter­
minal ice fog was used in all cases. The complete set of ice fog 
cases was run using the gray program. All soundings which showed any 
tendency toward destabilization (neutral height in the fog layer) 
were then rerun with the initial lapse rate in the fog replaced by an 
adiabatic lapse rate, maintaining the same temperature at the top of 
the fog. If the neutral height (page IV-34) remained inside the fog 
layer, that particular case was considered to be convectively unstable.
In order to obtain a series of absorption coefficients for use 
in the gray formula, the possible black coefficients were taken from
C. Ice Fog Results
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Table IV-13. They are .00168 and .00336 for distribution a, and 
.00666, .01665 and.0333 for distribution b. Assume that the lowest 
probable effective absorption coefficient is .25 times the lowest 
value for each distribution, and the highest probable value is the 
black value for the highest nunber density. Then we can select values 
to cover the range between. The resulting values of k are .0004, .0008, 
.0016 and .0032 for distribution a, and .001, .002, .004, .008, .016 
and .032 for distribution b. In practice the transmissivity was 
obtained from T(ice) = exp(-1.6 kAz), and the transmissivity actually 
listed on the computer printout is 1 .6 k.
Once an approximate value of k was established by comparing the 
results from the values above with those from the scattering formula, 
a final set of values was calculated with the k's spaced more closely.
The first of the following tables gives the clear-air cooling 
rates as obtained from the gray formula. Note that the values below 
2 m are questionable, as will be discussed in Chapter VI. The next 
five sets of tables give the results from the scattering theory, 
followed by those from the gray formula which give the best agreement 
with the scattering results. In the thicker fog layers, the shape of 
the cooling curve was sometimes best approximated by a different 
absorption coefficient then the magnitude and both curves are included.
In those cases where there appeared to be a possibility of destabili­
zation of the lapse rate,the non-scattering computations for adiabatic 
lapse rates in the fog layer are presented. The section on terminal ice 
fog concludes with the non-scattering results for absorption coefficients 
which did not closely correspond to any of the five cases for which 
scattering computations were made.
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Finally, the results for the initial ice fog sounding using the 
gray absorption coefficients are presented.
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1. TERMINAL ICE FCG.
Ac COOLING RATES WITHOUT ICE FCGo
ICE FOG
SOUNDING 5, ICE ABSORPTION 0.00064/M, FOG DEPTH 0. M
HEIGHT
(Mi
TEMPERATURE 
(DEG C)
FLUX MEAN HEATING RATE,
(CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 H R )
0.0 50.0 31.5 5.343
0.5 -47.0 31.4 -1.783
loO -45.0 31. 5 -2.857
2.0 -44.0 31.6 3.273
5.0 -43.5 31.9 - 0.777
10.0 -43.0 32.1 -0.217
15.0 -42.0 32.1 -0.415
20. 0 -41.0 32.2 -0.268
30o0 -40.0 32.3 -0.245
40.0 -38.0 32.4 -0.859
50.0 -36.0 32 o 7 -1.616
60.0 -34.0 33.2 -1.719
80. C -33.0 34.4 -1.341
100.0 -32.0 35.4 -1.326
139.0 -30.6 37.2 -1.072
213.0 -28.0 39.8 -0.904
287.0 -27.6 42.0 -0.605
438.0 -27.0 45.0 -0.399
829.0 -25.3 49.9 -0.375
1246.0 -23.6 54.5 0.445
1690.0 -22.0 59.9 -0.504
2164.0 -23.3 66.1 -0.408
2667.0 -26.6 71.1 -0.472
3783.0 -28.0 82.8 -0.580
5071.0 -36.0 97.0 -0.554
6588.0 -45.7 110.6 -0.514
8047.0 -55.C 120.7 -0.641
8459.0 -55.0 123.9 -0.337
19908.0 -55.0 149.7
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCG.
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B. COMPARISON OF SCATTERING ANC GRAY RESULTS, 
ATMOSPHERIC HEATING RATES
ATMOSPHERE TERMINAL ICE FOG 
CRYSTAL DENSITY 100/CC
SIZE DISTRIBUTION A
FOG DEPTH LOo
HEIGHT FLUX
METERS (CAL/SQ CM/12 HR!
RADIATIVE 
HEATING 
(DEG/12 HR)
CONDUCTIVE 
HEATING 
{DEG/12 HR)
C.O 
G.5 
loO 
2.C 
5c0 
10. C
15.0
20.0
30.0
40.0
50.0
60.0 
80.0
100 .0
139.0
213.0 
287.C
438.0
829.0 
1246.C
1690.0
2164.0
2667.0
3783.0
5071.0
6588.0
8047.0
8459.0 
199C8.0
26.9 
26.8
26.9
27.2
27.6
27.9
27.9 
28.0 
28.1 
28.1 
28.4
29.0
30.2
31.0
32.3
34.8
37.1
39.9
44.6
49.2
55.1
62.1 
67.2
79.7 
95.0
108.5
117.6 
120.0 
148.2
7.106 
-4.808 
7.163 
-4.064 
1.621 
•0.089 
-0.508 
-0.148 
■0.125 
-0.790 
-1.690 
1.698 
1.214 
-0.945 
-1.018 
0.939 
-0.558 
-0.383
-0
-0,
•0
0
•o,
-0,
■0,
-0,
378
486
569
413
,508
624
550
464
0.0
2.572
2.592
0.271
0. 011
0.013
0.0
-0.479
-0.367
-0.009
0.007
0.0
0.0
-0.007
0.0
-0.000
-0.000
-0.000
” 0.000
0.000
” 0.000
” 0.000
- 0.000
-0.000
0.000
-0.000
-0.000
0.000
0.000
0.0
0.0
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^ 4 1
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C> (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5? IC E  A BSO R PT IO N  0 . 0 0 0 6 4 /M , FOG DEPTH  1 0 .  M
0.0 -50.0 31.8 5.982
0 o 5 -47.0 31.6 -2.817
1.0 -45.0 31.7 -6.568
2.0 -44.0 31.9 -4.200
5.0 -43.5 32.4 -1.057
10. 0 -43.0 32.6 0.420
15.0 -42.0 32.5 -0.114
20.0 -41.0 32.6 -0.037
30.0 “40.0 32.6 "0.1i61
40.0 -38.0 32.6 -0.716
50.0 -36.0 32.9 •1.577
60.0 -34.0 33.4 -1.684
80.0 -33.0 34.6 -1.317
100.0 -32.0 35.5 -1.305
139.0 -30.6 37.3 -1.064
213.0 -28.0 39.9 •0.901
287 i,0 -27.6 42.1 -0.603
438 ; 0 -27.0 45.1 -0.398
829. C -25.3 50.0 -0.375
1246.0 -23.6 54.6 -0.445
1690.0 -22.0 60.0 -0.504
2164.0 -23.3 66.2 -0.408
2667.0 -26.6 71.2 -0.472
3783.0 -28.0 82.8 -0.579
5071.0 -36.0 97.1 -0.554
6588;0 -45.7 110.7 -0.514
8047.0 -55.0 120.8 -0.641
8459.0 -55.0 123.9 -0.337
19908.0 -55.0 149.8
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
EFFECTIVE ABSORPTION .25 OF BLACK.
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ATM OSPHERIC  H EATIN G  RATES
SIZE DISTRIBUTION A
FOG DEPTH 20.
ATMOSPHERE TERM INAL IC E  FOG
C R Y ST A L  D E N S IT Y  2 0 0 /C C
HEIGHT FLUX RADIATIVE CONDUCTIVE
HEATING HEATING
METERS fCAL/SQ CM/12 HRS (DEG/12 HR > (DEG/12 HR
OcO 25.4 6.124 0.0
0.5 25.3 • 5.810 -2.426
loO 25.4 • 8.355 -2.445
2.0 25.7 -5 .357 -0.256
5.0 26.3 3.003 -0.010
10.0 26.9 -3.119 0.012
15.0 27.4 3.677 0.0
20oC 28.1 •0.182 -0.008
30.0 28.2 0.118 0.006
40.0 28.2 • 0.778 0.0
50 cC 28.5 -1.682 0.0
60.C 29.1 -1.688 -0.007
80.0 30.3 •1.206 0.0
100.0 31.1 -0.939 -0.000
139.0 32.4 1.014 -0.000
213.0 34.9 -0.936 0.000
287.0 37.2 -0.556 “0.000
438.0 39.9 -0.382 0.000
829.0 44.6 •0.378 -0.000
1246.0 49.2 *0.486 "0.000
1690.0 55.2 -0.569 -0.000
2164.0 62.1 0.412 "0.000
2667.0 67.2 •0.507 0.000
3783.0 79.7 0.623 -0.000
5071.0 95.0 •0.549 -0.000
6588.0 108.5 -0.464 0.000
8047.0 117.6 0.479 0.000
8459.0 120.0 • 0.367 OcO
19908.0 148.2 0.0
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ICE FCG
SOUNDING 5* ICE AESCRPTION 0.00128/M, FOG DEPTH 20. M
HEIGHT
(MS
TEMPERATURE 
(DEG C)
FLUX MEAN HEATING RATE,
(CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
0.0 -50.0
0.5 -47.0
1.0 -45.0
2.0 --44.0
5.C -43.5
iC.C -43.0
15.0 -42.0
20.0 -41.0
30.G -40.0
40.0 -38.0
50.0 -36.0
60.0 -34.0
80.C -33.0
100.0 -32.0
139.0 -30.6
213.C -28.0
287.0 -27.6
438.0 -27.0
829.0 -25.3
1246.0 -23.6
1690.0 -22.0
2164.0 -23.3
2667.0 -26.6
3783.0 -28.0
5071.0 -36.0
6588.0 -45.7
8047.0 -55.0
8459.0 -55.0
19908.0 -55.0
NEUTRAL HEIGHT AT OR ABOVE 
EFFECTIVE ABSORPTION
31.1
31.0
31.0
31.3
32.0
32.5
32.9
33.3
33.2
33.1
33.4
33.9
35.0
35.9
37.6
40.2
42.4
45.4
50.2
54.8
60.2
66.4
71.4
83.0
97.2
110.9
121.0
124.1
150.0
TOP OF FOG. 
.25 OF BLACK.
5.133
-3.880
-7.866
-5.600
-2.756
-2.098
“2.132
0.246
0.067
•0.614
•1.489
-1.626
--1.278
“1.273
-1.050
-0.893
-0.599
-0.396
“0.374
-0.444
-0.504
-0.407
-0.472
-0.579
-0.554
-0.514
“0.641
-0.337
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ATM OSPHERIC H EA T IN G  RATES
SIZE DISTRIBUTION B
FOG DEPTH 20.
ATMOSPHERE TERM INAL ICE  FOG
C R YSTAL D EN S IT Y  2 0 C /C C
HEIGHT FLUX RADIATIVE
HEATING
METERS (CAL/SQ CM/12 HR) (DEG/I2 HR)
O.C 22.0 3 .194
0.5 21.9 *9.185
1.0 22.1 12.328
2.0 22.5 -9.680
5.0 23.6 -7.647
10.0 25.0 “8.3.21
15.0 26.6 9.632
20.0 28.4 -0.153
30.0 28.4 - 0.083
40.0 28.5 0.751
50.0 28.7 -1.660
60.0 29.3 -1.663
80.0 30.5 “1.188
100.0 31.3 -0.926
139.0 32.5 -1.006
213.0 35.0 -0.930
287.0 37.3 -0.552
438.C 40.0 -0.380
829.0 44.7 -0.377
1246.0 49.3 -0.485
1690.0 55.2 -0.568
2164.0 62.2 “0.411
2667.0 67.2 -0.506
3783.0 79.7 -0.622
5071.0 95.0 -0.548
6588.0 108.4 -0.463
8047.0 117.6 -0.479
8459.0 119.9 -0.367
19908.0 148.1
CONDUCTIVE 
HEATING 
(DEG/12 HR)
0.0
-2.097
-2.113
-0.221
-0.009
0.011
0.0
-0.007
0.006
0.0
0.0
-0.006
0.0
-0.000
" 0.000
" 0.000
"0.000
0.000
-0.000
-0.000
-0.000
-0.000
0.000
-0.000
-0.000
0.000
0.000
0.0
0.0
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5* ICE  ABSO RPTIO N  0 . 0 0 5 1 2 / K ,  FOG DEPTH 2 0 .  M
OcO -50.0 27.4 1.604
0.5 -47.0 27.4 -8.739
1.0 -45.0 27.6 -13.545
2.0 -44.0 28.1 •11.657
5.0 -43.5 29.4 ."9.069
10.0 -43.0 31.1 "8.817
15.0 -42.0 32.7 "9.407
20.0 -41.0 34.4 0.296
30.0 -40.0 34o3 0.109
40.0 -38.0 34.3 "0.573
50.0 -36.0 34.5 - 1.450
60.0 -34.0 35.0 -1.587
80.0 -33.0 36.1 ” 1.247
1C0.0 -32.0 37.0 "1.244
139.0 -30.6 38.6 ” 1.029
213.0 -28.0 41.2 •0.879
287.0 -27.6 43.4 -0.589
438.0 -27.0 46.3 "0.391
829.0 -25.3 51.1 "0.370
1246.0 -23.6 55.6 -0.442
1690.0 -22.0 61.0 -0.502
2164.0 -23.3 67.1 "0.406
2667.0 -26.6 72.1 -0.4:71
378340 -28.0 83.7 "0.579
5071.0 -36.0 98.0 -0.554
6588.0 -45.7 111.6 -0.514
8047.0 -55.0 121.7 -0.641
8459.0 -55.0 124.8 -0.337
19908i0 -55.0 150.7
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
EFFECTIVE ABSORPTION .50 OF BLACK o
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ATM O SPH ER IC  H EA T IN G  RATES
SIZE DISTRIBUTION B
FOG DEPTH 50c
ATMOSPHERE TERM IN AL IC E  FOG
C R YST AL  D E N S IT Y  5 0 0 /C C
HEIGHT FLUX RADIATIVE CONDUCTIVE
HEATING HEATING
METERS (CAL/SQ CM/12 HR! IDEG/12 HR) ( DEG/12 HR
C.C 4.4 3.412 0 .0
0.5 4.3 • 9.354 - 0 .418
1.0 4.5 • 13.916 •0.421
2.0 5.0 11.895 "0 .044
5 «C 6.3 ■ 10.208 "0 .002
10.0 8.2 10.546 0.002
15.0 10.2 -12 .323 0.0
20.0 12.5 -13.978 "0 .001
3C.C 17.7 •17.672 0.001
40. C 24.2 -24.716 0 .0
5 0 .C 33.2 1.264 0.0
60.0 33.7 1.278 - 0 .0 0 1
80.0 34.6 - 0 .92 3 0 .0
100.0 35.2 -0 .7 59 "0 .000
139.0 36.2 -0.900 - 0 .0 0 0
213.C 38.5 -0 .86 4 - 0 .0 0 0
287.0 40.6 0.511 " 0 .000
438.C 43.1 "0 .360 0.000
829.0 47.5 - 0 .366 "0 .000
1246.0 52.0 -0 .477 "0 .000
1690.0 57.8 "0 .559 "0 .000
2164.0 64.7 -0 .402 "0 .000
2667.0 69.6 "0 .499 0.000
3783.0 81.9 "0 .615 "0 .000
5071.0 97.0 •0.542 - 0 .0 0 0
6588.0 110.3 •0.459 0.000
8047.0 119.4 - 0 .476 0.000
8459.0 121.7 "0 .366 0 .0
19908.0 149.8 0 .0
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v n
SOUNDING 5,
HEIGHT
IM)
ICE ABSORPTION 0.00640/M, FOG DEPTH
IC E  FOG
50. M
TEMPERATURE 
(DEG C)
FLUX MEAN HEATING RATE,
(CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
0.0 -50.0
0.5 -47.0
1.0 -45.0
2.0 -44.0
5.0 -43.5
10.0 -43.0
15.0 -42.0
20.0 -41.C
30.0 -40.0
40.0 -38.0
50.0 -36.0
60.0 -34.0
80.0 -33.0
100.0 -32.0
139.0 -30.6
213.C -28.0
287.0 -27.6
438.0 -27.0
829.0 -25.3
1246.0 -23.6
1690.0 -22.0
2164.0 -23.3
2667.0 -26.6
3783.0 -28.0
5071.0 -36.0
6588.0 -45.7
8047.0 -55.0
8459.0 -55.0
19908.0 -55.0
NEUTRAL HEIGHT AT OR ABOVE 
EFFECTIVE ABSORPTION
17.3
17.3
17.4
18.0
19.3
21 .2
23.0
25.1
29.4
34.3
39.9
40.2
41.0
41.7
43.0
45.3
47.3
50.0
54.5
58.8
64.1
70.2
75.1
86.6
100.8
114.4
124.5
127.6
153.5
TOP OF FOG. 
.25 OF BLACK.
1.886 
- 8.888 
-14.015 
-12.279 
-9.876 
-9.912 
-11.009 
-11.787 
-13.141 
-15.496 
-0.715 
-1.143 
-0.9)81 
-1.024 
-0.909 
-0.807 
-0.544 
- 0.367 
-0.356 
-0.432 
-0.495 
-0.401 
-0.468 
-0.577 
-0.553 
-0.514 
-0.641 
-0.337
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a w
ICE FOG
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) {DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE I
{DEG C/12 HR)
SOUNDING 5 S ICE  ABSORPTION  0 .0 1 6 0 0 / M ,  FOG DEPTH 5 0 .  M
OoC '-50.0 2 . 1 1.744
0.5 -47.0 2 . 1 12.265
lcC 45.0 2.3 - 19.388
2 .0 -44.0 3.0 “18.523
5 . C -43.5 5.1 -16.687
10. 0 -43.0 8.2 -17.746
15.0 -42.0 11.5 -20.354
20 oO -41.0 15.3 -22.965
30.0 -40.0 23.8 -27.495
40.0 - 38.0 33.9 -34.354
50.0 -36.0 46.5 -0.499
60o 0 -34.0 46.7 -0.950
80.0 -33.0 47.3 -0.815
100.0 -32.0 47.9 -0.872
139.0 -30.6 49.1 -0.795
213.0 -28.0 51.1 -0.729
287.0 -27.6 52.8 -0.489
438.0 -27.0 55.3 -0.336
829. C -25.3 59.4 -0.337
1246.0 -23.6 63.5 -0.418
1690.0 "22.0 68.6 -0.484
2164.0 -23.3 74.5 -0.394
2667.0 -26.6 79.4 -0.463
3763.0 -28.0 90.8 -0.575
5071.0 -36.0 104.9 •0.552
6588.0 -45.7 118.5 -0.513
8047.0 -55.Q 128.6 -0.640
8459.0 -55.0 131.7 "0.337
19908.0 -55.0 157.5
NEUTRAL HEIGHT BETWEEN 5. M AND 2.Mo 
EFFECTIVE ABSORPTION o75 OF BLACK, 
ALBEDO ABOUT .3.
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249
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 , ICE ABSO RPTIO N  0 .0 1 2 8 0 / M ,  FOG OEPTH 5 0 .  M
o.c -35.5 37 o 1 -12.844
0.5 • 35.5 37.3 -12=904
1.0 •35.5 37.5 -12.976
2.0 -35.5 38.0 -13.238
5.0 -35.5 39.5 •13.820
10.0 -35.6 42.0 -14.587
15.0 -35.6 44.7 -15.418
20.0 -35.7 47.5 -16.765
30. 0 -35.8 53.7 -18.618
40.0 -35.9 60.5 20.159
50.0 -36.0 67.9 0.555
60.0 -34.0 67.7 -0.135
80.0 -33.0 67.8 -0.180
100.0 -32.0 68.0 -0.312
139.0 -30.6 68.4 -0.409
213.C -28.0 69.4 -0.472
287.0 -27.6 70.5 0.312
438.0 -27.0 72.1 -0.238
829.0 -25.3 75.0 -0.276
1246.0 -23.6 78.4 -0.374
1690.0 -22.0 83.0 -0.452
2164.0 -23.3 88.5 -0.372
2667.0 -26.6 93.1 -0.448
3783.C -28.0 104.1 -0.567
5071.0 -36.0 118.0 -0.548
6588.0 -45.7 131.5 -0.5.11
8047.0 -55.0 141.6 -0.639
8459.0 -55.0 144.7 -0.336
19908.0 -55.0 170.5
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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2 5 0
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
fH) (DEG Cl (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
ICE FOG
SOUNDING 5, ICE ABSORPTION 0.02560/M, FOG DEPTH 50o M
o.c 35.5 19.8 -13.808
Co 5 ■ 35.5 20.0 13.950
1 .0 -35-5 20.3 - 14.170
2.0 35.5 20.8 -14.813
5.0 35.5 22.4 16.243
10.0 -35.6 25.4 18.259
15.0 -35.6 28.8 20.572
20.0 35.7 32.6 24.708
30.C 35.8 41.7 31.433
40. C ■35.9 53o2 39.513
50.C -36.0 67.7 0.546
60.0 •34.0 67.5 -0.143
80. C 33.0 67.6 -0.187
100.0 •32.0 67.7 -0.318
139.0 -30.6 68.2 -0.413
213.0 -28. 0 69.2 -0.474
287.0 27.6 70.4 - 0.314
438.0 -27.0 71.9 -0.239
829.0 -25.3 74.8 -0.276
1246.0 -23.6 78.2 - 0.375
169C.C -22.0 82.8 -0.452
2164.0 -23.3 88.3 - 0.372
2667.0 - 26.6 92.9 “0.449
3783.0 -28.0 104.0 -0.567
5071.0 -36.0 117.9 -0.548
6588.0 • 45.7 131.3 -0.511
8047.0 - 55.0 141.4 -0.639
8459.0 -55.0 144.5 -0.336
19908.0 -55.0 170.4
NEUTRAL HEIGHT BETWEEN 20. M AND 15.M.
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A T M O S P H E R IC  H E A T IN G  R A T E S
ATMOSPHERE TERMINAL ICE FOG 
CRYSTAL DENSITY lOOO/CC 
SIZE DISTRIBUTION B 
FOG DEPTH IOC.
HEIGHT FLUX RADIATIVE CONDUCTIVE
HEATING HEATING
METERS (CAL/SC CM/12 HR) (DEG/12 HR? (DEG/12 HR
0 .0 -14.6 9.578 * * * * * * * *
0.5 -14.7 *4.471 * * * * * * * *
1 . 0 -14.7 •10.654 * * * * * * * *
2 . 0 -14.3 8.593 * * * * * * * *
5.0 -13.3 -5.330 . * * * * * * * *
1 0 . 0 -12.3 -4.642 * * * * * * * *
15.0 -11.4 -6 . 1 1 0 * * * * * * * *
2 0 .0 “10.3 -5.802 * * * * * * * *
30.0 •8 . 2 - 6 .999 * * * * * * * *
40.0 "5.6 -10.540 * * * * * * * *
50.0 -1.7 -15.402 * * * * * * * *
60.0 3.9 20.902 * * * * * * * *
80.0 19.2 -38.030 * * * * * * * *
10C .0 46.9 -0.594 * * * * * * * *
139.0 47.7 -0.715 * * * * * * * *
213.0 49.5 • 0,732 * * * * * * * *
287.0 51.3 *0.422
438.0 53.4 • 0.312 * * * * * * * *
829.0 57.2 "0.338 * * * * * * * *
1246.0 61.3 -0.456 * * * * * * * *
1690.0 66.9 -0.539 * * * * * * * *
2164.0 73.5 -0.385 * * * * * * * *
2667.0 78.2 -0.485 * * * * * * * *
3783.0 90.2 -0.603 * * * * * * * *
5071.0 105.0 -0.534 * * * * * * * *
6588.0 118.1 •0.454 * * * * * * * *
8047.0 127.1 -0.472 * * * * * * * *
8459.0 129.4 ■ 0.364 * * * * * * * *
19908.0 157.3 * * * * * * * *
* CONDUCTIVITY EQUATION INAPPLICABLE
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zsz
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(MS (DEG C) (CAL/SQ CM/12 HRS LAYER ABOVE Z
(DEG C/12 HR)
I C E  FOG
S O U N D IN G  5 ,  IC E  A B S O R P T IO N  0 . 0 1 2 8 0 / M ,  FOG D E PT H  1 0 0 .  M
C„G -50.0 12.2 7.418
0.5 - 47.0 -12.3 -5.426
1.0 --45.0 •12.2 •11.824
2.C -44.0 -11.8 •10.516
5.0 43.5 ■10.6 8.179
10.0 -43.0 ~9o 1 -8.473
15.0 -42.0 -7.5 ■ 10.104
20.0 • 41.0 •5.6 11.303
30.0 -40.0 -1.4 •13.605
40.0 •38.0 3.6 •17.776
50.0 -36.0 10.1 -22.586
60.0 •34.0 18.4 • 26.450
80.C •33.0 37.7 ■30.829
100.0 -32.0 60.2 -0.274
139.0 -30.6 60.5 -0.488
213.0 -28.0 61.7 -0.546
287.0 -27.6 63.1 -0.373
438.0 -27.0 64.9 •0.276
829.0 -25.3 68.3 -0.301
1246.0 •23.6 72.0 0.393
1690.0 -22.0 76.8 "0.465
2164.0 -23.3 82.5 -0.3i81
2667.0 -26.6 87.2 -0.455
3783.0 -28.0 98.4 -0.570
5071.0 •36.0 112.4 -0.550
6588.0 -45.7 125.9 -0.512
8047.0 -55.0 136.0 -0.639
8459.0 -55.0 139.1 -0.336
19908.0 -55.0 164.9
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
EFFECTIVE ABSORPTION .25 OF BLACK.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
tMI {DEG C) {CAL/SQ CM/12 HR} LAYER ABOVE Z
CDEG C/12 HR)
ICE FCG
SOUNDING 5, ICE ABSORPTION 0.01280/M, FCG DEPTH 100. M
c.o • 31.0 23.4 -8.219
0. 5 -31.0 23.6 8.244
l.C -31.0 23.7 • 8.308
2 o C -■31.0 24.0 8.465
5.C -31.0 25.0 -8.821
10.0 -31.1 26.6 9 .3:01
15.0 31.1 28.3 -9.821
2C.C 31.2 30.1 - 10.689
30.0 -31.3 34.1 • 12.002
40.0 -31.4 38.5 13.509
50. 0 “31.5 43.4 15.216
60.0 -31.6 49.0 -18.279
80.0 -31.8 62.4 23.247
ICO.O -32.0 79. 3 0.271
139.0 -30.6 79.0 -0.138
213.0 -28.0 79.3 -0.310
287.0 • 27.6 80.1 •0.210
438.0 -27.0 81.1 ■0.184
829.0 -25.3 83.3 - 0.243
1246.0 •23.6 86.3 •0.351
1690.C -22.0 90.6 -0.435
2164.0 -23.3 95.9 -0.360
2667.0 -26.6 100.4 -0.441
3783.C -28.0 111.2 -0.563
5071.0 -36.0 125.0 •0.547
6588.0 -45.7 138.5 -0.510
8047.0 -55.0 148.5 -0.638
8459.0 -55.0 151.6 -0.336
19908.0 -55.0 177.4
NEUTRAL HEIGHT BETWEEN 40. M AND 30.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR J LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SO U N D IN G  5 ,  IC E  A B S O R P T IO N  0 . 0 3 8 4 0 / M ,  FOG D E PT H  1 0 0 .  M
OoC -50.0 22.4 20.633
0.5 -47.0 •22 o 8 - 0.350
1.0 -45.0 -22.8 •11.333
2c C -44.0 - 22.4 10.689
5*0 -43.5 -21.2 -6.639
10c0 -43.0 -20.0 -5.570
15.C -42.0 -18.9 -7.020
2C . C -4 l.C 17.6 - 6.605
30. C -40.0 15.2 •8.095
40 o C -38.0 •12.2 14.387
50. C -36.0 •6.9 • 23.371
60.C - 34.0 1.6 • 34.741
80.C 33.0 27.0 • 62.617
lCO.C - 32.0 72.7 0.024
139.0 -30.6 72.6 - 0.276
213.0 - 28.0 73.3 •0=398
287.0 -27.6 74.3 -0.268
438.0 -27.0 75.6 •0.216
829. C -25.3 78.2 ■0.262
1246.0 -23.6 81.5 -0.365
1690.0 -22.0 85.9 -0.445
2164.C -23.3 91.4 -0.367
2667.0 -26.6 95.9 -0.445
3783.0 -28.0 106.9 --0.566
5071.0 -36.C 120.7 -0.548
6588.0 -45.7 134.2 -0.511
8047.0 -55. 0 144.3 -0.639
8459.0 -55.0 147.4 -0.336
19908.C -55.0 173.2
NEUTRAL HEIGHT BETWEEN 1. M AND O.Mc 
EFFECTIVE ABSORPTION .75 OF BLACK, 
ALBEDO ABOUT .4.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
ZS3"
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(MS (OEG C) (CAL/SQ CM/12 HR! LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5* IC E  ABSORPTIO N  0 .0 2 5 6 0 / M ,  FOG DEPTH 1 0 0 .  M
o.c -31.0 7.1 -5.012
0.5 -31.0 7.2 -5.040
1.0 -31.0 7.3 -5.104
2.0 -31.0 7.5 5.275
5.0 -31.0 8.0 •5.685
10.0 -31.1 9.1 -6.284
15.C -31.1 10.3 -6.989
20.0 -31.2 11.5 •8.293
30.0 “31.3 14.6 - 10.511
4C.C “31.4 18.5 -13.425
50.0 -31.5 23.4 - 17.212
60.0 “•31.6 29.7 25.319
80.0 -31.8 48.2 -41.930
100.0 -32.0 78.8 0.257
139.0 -30.6 78.4 -0.148
213.0 ■28.0 78.8 0.317
287.C -27.6 79.6 0.214
438.0 -27.0 80.6 0.186
829.0 -25.3 82.9 -0.244
1246.C -23.6 85.9 -0.352
1690.0 -22.0 90.2 0.435
2164.0 -23.3 95.6 -0.360
2667.0 -26.6 100.0 -0.441
3783.0 -28.0 110.9 -0.563
5C71.0 -36.0 124.7 ■0.547
6588.0 -45.7 138.1 • 0.510
8047.0 -55.0 148.2 -0.638
8459.0 -55.0 151.3 -0.336
19908.0 -55.0 177.1
NEUTRAL HEIGHT BETWEEN 10. M AND 5.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2S(o
ICE FOG
f-ra^  p. ir ;
SOUNDING 5, ICE ABSORPTION"'o«o6l287M, FOG DEPTH 10 o M
HEIGHT
(M)
0.C- 
0.5
1.0 
2.G
5.0 
10.0 
15.C 
20. 0 
30 oO
40.0 
50. C
60.0 
8C.0
100 .0
139.0
213.0
287.0
438.0
829.0
1246.0
1690.0
2164.0
2667.0
3783.0 
5C7U0
6588.0
8047.0
8459.0 
19908.C
NEUTRAL
TEMPERATURE
(DEG C)
50
-47
•45
-44
-43
-43
-42
-41
-40
-38
-36
-34
-33
32
-30
-28
-27
-27
-25
-23
-22
-23
-26
-28
-36
-45
-55
-55
-55
HEIGHT
cO
.0
.0
.0
.5
.0
.0
.0
.0
.0
.0
.0
.0
.0
.6
.0
.6
.0
.3
.6
.0
.3
.6
.0
.0
.7
.0
. 0
.0
AT OR
FLUX
(CAL/SQ CM/12 HR)
31.5
31.4
31.4
31.7
32.3
32.7
32.6
32.6
32.7
32.7
33.0
33.5
34.7
35.6
37.3
40.0
42.2
45.2
50.0
54.6
60.1
66.2
71.2
82.9
97.1
110.7
120.8
124.0
149.8
ABOVE TOP OF FCG.
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
5.312 
•3.706 
-7.590 
-5.279 
-2.167 
0.425 
-0.109 
-0.033 
-0.157 
-0.712 
-1.574 
.”1.681 
-1.315 
•1.303 
•1.063 
-0.899 
“0.602 
-0.398 
•0.375 
-0.445 
-0.504 
”0.407 
-0.472 
-0.579 
"0.554 
”0.514 
”0.641 
-0.337
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M> (DEG O  (CAL/SQ CM/12 HR} LAYER ABOVE Z
(DEG C/12 HR)
IC E  EGG
SOUNDING 5 ,  IG E  ABSO R PT IO N  0 .0 0 2 5 6 / M ,  FOG DEPTH 1 0 . M
0.0 -50.0 30.9 4.010
0.5 -47.0 30.8 -5.451
1.0 _ -45.0 30.9 -9.608
2. C -44.0 31.2 -7.414
5.0 -43.5 32.1 -4.370
10.C -43.0 32.9 0.437
15. C -42.0 32.8 -0.099
20.C - 41.0 32.8 -0.025
30.0 -40.0 32.8 -0.149
AO o 0 -38.0 32.9 -0.706
50.C -36.0 33.1 • 1.568
60.C -34.0 33.7 -1.675
80.0 -33.0 34, 9 -1.310
100.0 -32.0 35.8 -1.298
139.0 -30.6 37.5 -1.059
213.0 -28.0 40.1 ■0.897
287.0 -27.6 42.4 --0.601
438.0 -27.0 45.3 -0.397
829.0 -25.3 50.2 -0.374
1246.0 -23.6 54.7 - 0.444
1690.0 -22.0 60.2 -0.504
2164.0 -23.3 66.4 -0.407
2667.0 -26.6 71.4 • 0.472
3783.0 -28.0 83.0 -0.579
5071.0 -36.0 97.2 • 0.554
6588.0 -45.7 110.8 0.514
8047.0 -55.0 120.9 -0.641
8459.0 -55.0 124.1 -0.337
19908.0 -55.0 150.0
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCG.
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ob
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR J LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 v ICE  ABSORPTION  0 .0 0 5 1 2 / M ,  FOG DEPTH 1 0 . M
0.0 ■50.0 29.7 1.524
0,5 --4 7.0 29.6 -8.829
l.C 45.0 29. 8 13.534
2.C -44.0 30.3 11.592
5 o 0 -43.5 31.6 -8.718
10.0 -43.0 33.2 0.459
15„G -42.0 33.2 -0.080
20 o C 41.0 33.2 •0.010
30 o 0 -40.0 33.2 0.134
40.0 • 38.0 33.2 -0.693
50 oC -36.0 33.5 • 1.556
60.0 -34.0 34.0 1.663
80.0 -33.0 35.2 1.300
100.0 - 32.C 36.1 -1.289
139.0 -30.6 37.8 1.053
213.C 28.0 40.4 •0.893
287.0 ■27.6 42.6 ■0.598
438.0 -27.0 45.6 •0.395
829.C -■25.3 50.4 ■0.373
1246.0 -23.6 55.0 -0.444
1690.0 -22.0 60.4 -0.503
2164.0 -23.3 66.6 -0.407
2667.C -26.6 71.6 •0.472
3783.0 -28.0 83.2 •0.579
5071.0 -36.0 97.4 -0,554
6588.C -45.7 111.0 •0.514
8047.C -55.0 121.2 •0.641
8459.0 -55.0 124.3 •0.337
19908.C -55.0 150.2
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SO U N D IN G  5 ,  IC E  A B S O R P T IO N  0 . 0 0 0 6 4 / K ,  FOG D E PT H  2 0 o  M
OoO -50.0 31.7 5.791
0.5 - 47.0 31.6 2.998
1.0 -45.0 31.6 -6.849
2 „G -44.0 31.9 -4.526
5 cO -43.5 32.4 -1.648
10.0 -43.0 32.7 -0.934
15.0 -42.0 32.9 -0.889
20 « 0 -41.0 33.0 0.238
30.0 - 40.0 33.0 0.060
40.C -38.0 32.9 -0.6.21
50.0 -36.0 33.2 -1.496
60.0 -34.0 33.7 -1.632
80.C -33.0 34 ,.8 -1.283
100.0 -32.0 35.7 -1.278
139.0 -30.6 37.4 -1.053
213.0 -28.0 40.1 -0.895
287.0 -27.6 42.3 -0.600
438.C -27.0 45.2 -0.397
829.0 -25.3 50.1 -0.374
1246.0 -23.6 54.7 -0.445
1690.0 -22.0 6 0 o y -0.504
2164.0 -23.3 66.3 -0.407
2667.0 -26.6 71.3 -0.472
3783.0 -28.0 82.9 -0.579
5071.0 - 36.0 97.1 -0.554
6588.0 -45.7 110.7 -0.514
8047.0 -55.0 120.9 -0.6A1
8459.0 -55.0 124.0 -0.337
19908i>0 -55.0 149.9
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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IC E  FOG
SO U N D IN G  5 s IC E  A B S O R P T IO N  0 . 0 0 1 6 0 / M ,  FOG D E PT H  2 0 „  M
HEIGHT 
< M }
OcO
0.5
1.0
2oO
5.0 
1 0 . C 
15o0
2 0 . 0  
30o0 
40.C
50.0
60.0 
80iC
100.0
139.0
213.0 
287feC
438.0
829.0
1246.0 
169C.0
2164.0
2667.0
3783.0
5071.0
6588.0 
8047.C
8459.0
19908.0
NEUTRAL
TEMPERATURE 
(DEG Cl
-50.0 
-47.0 
•45.0 
-44.0 
-43.5 
-43.0 
-42.0 
-41.0 
-40.0 
-38.0 
-36.0 
-34.0 
-33.0 
-32.0 
-30.6 
-28.0 
-27.6 
• 27.0 
-25.3 
-23.6 
- 22 .0  
-23.3 
-26.6 
-28.0 
-36.0 
-45.7 
-55.0 
-55.0 
-55.0 
HEIGHT AT OR
FLUX 
CAL/SQ CM/12 HR!
30.7
30.7
30.7
31.0
31.7
32.3
32.8
33.4 
33 o 3
33.2
33.5
34.0
35.1
36.0
37.7
40.3
42.5
45.4
50.3
54.9
60.3
66.5
71.5
83.1
97.3
110.9
121.0
124.2
150.0
ABOVE TOP OF FOG.
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
4.812
-4.310
-8.365
-6.131
-3.304
-2.674
-2.750
0.251
0.071
-0.611
-1.486
-1.623
-1.275
-1.270
-1.048
-0.892
-0.598
-0.396
-0.373
-0.444
-0.503
-0.407
-0.472
-0.579
"0.554
-0.514
-0.641
■0.337
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(MI (DEG C) CCAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 9 IC E  ABSO RPT IO N  0 . 0 0 2 5 6 / M ,  FOG DEPTH 2 0 .  M
o.c -50.0 29.8 3.878
Cc 5 - 47.0 29.7 -5.579
loO -•45.0 29.8 •9.836
2.0 -44.0 30.2 -7.693
5.0 - 43.5 31.1 -4.923
10.C 43.0 32.0 "4.387
15.0 -42.0 32.8 "4.5.91
20.0 -41.0 33.7 0.263
30.0 -40.0 33.6 0.082
40.0 -38.0 33.5 •0.600
50.0 -36.0 33.7 ”1.476
60.0 -34.0 34.3 ■1.613
80. 0 -33.0 35.4 1.267
100.C -32.0 36.3 •1.263
139.0 -30.6 38.0 •1.043
213.0 -28.0 40.6 -0.888
287.0 -27.6 42.7 •0.595
438.0 -27.0 45.7 -0.394
829.0 -25.3 50.5 -0.373
1246.0 -23.6 55.1 .-0.443
1690.0 -22.0 60.5 ■ 0.503
2164.0 -23.3 66.7 -0.407
2667.0 -26.6 71.6 ■0.472
3783.0 -28.0 83.3 -0.579
5071.0 -36.0 97.5 -0.554
6588.0 -45.7 111.1 -0.514
8047.0 -55.0 121.2 "0.641
8459.0 -55.0 124.4 -0.337
19908.0 -55.0 150.2
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
ZL2.
IC E  FOG
SOUNDING 5 ,  IC E  ABSO RPT IO N  0 . 0 0 3 2 0 / M ,  FOG DEPTH 2 0 .  H
H E I G H T  T E M P E R A T U R E
( M )  ( D E G  C S  ( C A L
0.0 -50.0
0.5 -47.0
1.C -45.0
2 o 0 -44.0
5.C -43.5
10.C -43.0
15.0 -42.0
20.0 -41.0
30.0 -40.0
40.0 -38.0
50.0 -36.0
60.0 -34.0
80.0 -33.0
100.0 -32.0
139.0 -30.6
213.0 -28.0
287i0 -27.6
438.0 -27.0
829.0 -25.3
1246.0 -23.6
1690.0 -22.0
2164.C -23.3
2667.0 -26.6
3783t0 -28.0
5071.0 -36.0
6588.0 -45.7
8047.0 -55.0
8459.0 -55.0
19908.0 -55.0
NEUTRAL HEIGHT AT DR ABOVE
FLUX MEAN HEATING RATE,
SQ CM/12 HR! LAYER ABOVE Z 
(DEG C/12 HR)
29.2 3.278
29.1 -6.393
29.3 -10.792
29.7 -8. 7ill
30 o 6 -5.983
31.8 •5.513
32.8 -5.808
33.9 0.272
33.8 0.089
33.7 -0.593
33.9 •1.469
34.5 -1.606
35.6 - 1.262
36.5 -1.258
38.1 -1.039
40.7 -0.886
42.9 -0.594
45.8 -0.393
50.6 -0.372
55.2 -0.443
60.6 •-0.503
66.8 -0.407
71.8 -0.472
83.4 -0.579
97.6 -0.554
111.2 -0.514
121.3 -0.641
124.5 *•0.337
150.3
TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
<M) IDEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  IC E  ABSO RPTIO N  0 . 0 0 6 4 0 / K ,  FOG DEPTH 2 0 .  M
OoO -50.0 26.3 0.586
C.5 -47.0 26 = 3 •10.206
1.0 -45.0 26.5 -15.288
2.0 -44.0 27.0 -13.533
5.0 -43.5 28.5 ■11.050
IOoO -43.0 30.6 -10.960
15.0 -42.0 32.6 -11.766
20.0 •41.0 34.8 0.312
30.C -40.0 34.7 0.123
40.0 -38.0 34.7 -0.560
50.0 -36.0 34.9 -1.438
60 .0 -34.0 35.4 -1.575
80 iO “33.0 36.5 •1.238
100 oC -32.0 37.3 •1.235
139. 0 -30.6 39.0 “1.023
213.0 -28.0 41.5 •0.875
267.0 -27.6 43.7 -0.586
438. C -27.0 46.6 -0.389
829.0 -25.3 51.3 -0.369
1246.0 -23.6 55.9 -0.441
1690.0 -22.0 61.2 "0.501
2164.0 -23.3 67.4 -0.406
2667.0 -26.6 72.4 "0.4.71
3783.0 -28.0 84*0 -0.579
5071.0 -36.0 98.2 -0.554
6588.0 -45.7 111.8 -0.514
8047.0 -55.0 121.9 -0.641
8459.0 -55.0 125.0 .-0.337
19908.0 -55.0 150.9
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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2W
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(MS (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SO UN DING  5 9 IC E  A B S O R P T IO N  0 . 0 1 2 8 0 / M ,  FOG D EPT H  2 0 .  M
OoG -50.0 21.0 -3.508
0.5 -47.0 21.0 -16.517
lcC -45.0 21.3 22.994
2oC -44.0 22.2 -21.947
5.0 -43.5 24.7 -20.093
10.0 -43.0 28.4 -20.988
15«0 -42.0 32.3 -23.090
20o0 -•41.0 36,6 0.386
30 n 0 -40.0 36.5 0.186
40.0 -38.0 36.4 ■0.500
50.0 -36.0 36.6 1.380
60.0 -34.0 37. 1 -1.518
80.C -33.0 38.1 1.192
lOOoO -32.0 38.9 1.192
139.C -30.6 40.5 •0.992
213.0 -28.0 43.0 • 0.854
287.C -27.6 45.1 -0.572
438,0 -27.0 47.9 -0.381
829.0 -25.3 52. 6 -0.364
1246.C -23.6 57c 1 -0.437
1690.C -22.0 62. 4 -0.499
2164.0 -23.3 68.5 -0.404
2667.0 -26.6 73.5 -0.470
3783i 0 -28.0 85.0 -0.578
5071.C -36.0 99.2 -0.554
6588.0 -45.7 112.8 -0.514
8047.0 -55.0 123.0 -0.641
8459.0 -55.0 126.1 -0.337
19908.0 -55.0 151.9
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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3 & 5
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR I LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  ICE  ABSO RPTIO N  0 .0 2 5 6 0 / M ,  FOG DEPTH 2 0 . M
0.0 -50.0 12.3 -7.569
0.5 -47.0 12.4 25.001
1.0 -45.0 12.9 •34.237
2.0 -44.0 14.2 -34.668
5.0 -43.5 18.0 -34.369
10.0 -43.0 24.5 -37.904
15.0 -42.0 31.5 "43.6)51
20.0 -41.0 39.6 0.513
30.0 -40.0 39.4 0.293
40.0 -38.0 39.3 -0.396
50.0 -36.0 39.5 •1.281
60.0 -34.0 39.9 -1.422
80.0 -33.0 40.9 -1.115
100.0 -32.0 41.7 •1.120
139.0 -30.6 43.2 -0.940
213.0 -28.0 45.5 -0.819
287.0 -27.6 47.5 -0.547
438.0 -27.0 50.2 -0.367
829.0 -25.3 54.7 -0.356
1246.0 -23.6 59.1 -0.4,31
1690.0 -22.0 64.3 -0.494
2164.0 -23.3 70.4 •0.4.01
2667.0 -26.6 75.3 -0.468
3783.0 -28.0 86.9 -0.577
5071.0 -36.0 101.0 -0.553
6588.C -45.7 114.6 -0.514
8047.0 -55.0 124.7 -0.6.41
8459.0 -55.0 127.9 -0.337
19908i. 0 -55.0 153.7
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  IC E  ABSO RPT IO N  0 .0 5 1 2 0 / M ,  FOG D EPTH  2 0 .  M
0.0 -50.0 0.5 ■5.519
0.5 -47.0 0.6 ■31.520
IcO -45.0 1.2 - 45.928
2.C -44.0 2.9 -48.766
5.0 -43.5 8.4 -51.332
10.0 -43.0 18.0 -61.481
15.0 -42.0 29,4 78.187
20.0 -41.0 43.9 0.700
30.0 -40.0 43.7 0.4:51
40.0 -38.0 43.5 -0.245
50.0 -36.0 43.6 -1.138
60.0 -34.0 44.0 •1.282
80.0 -33.0 44.9 -1.003
100.0 -32.0 45.6 -1.015
139.0 - 30.6 46.9 •0.865
213.0 -28.0 49.1 -0.768
287.0 -27.6 51.0 -0.513
438.0 -27.0 53.5 -0.348
829.C -25.3 57.8 -0.344
1246.0 -23.6 62.0 .-0.423
1690.0 -22.0 67.2 -0.488
2164.C -23.3 73.1 -0.396
2667.0 -26.6 78.0 -0.465
3783.0 -28.0 89.5 -0.576
5071.0 -36.0 103.6 ■ 0.552
6588.0 -45.7 117.1 -0.513
8047.0 -55.0 127.3 -0.640
8459.0 -55.0 130.4 -0.337
19908.0 -55.0 156.2
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
wIC E  FOG
SOUNDING 5 ,  IC E  ABSO RPT IO N  0 .0 5 1 2 0 / M ,  FOG DEPTH 2 0 .  M
HEIGHT 
(M j
O.C
0.5
1.0
2.0
5.C
IOeC
15.0
20.0 
30.0 
40.C
50 
60 
80 
100
139.0
213.0
287.0 
438; 0
829.0
1246.0
1690.0
2164.0
2667.0
3783.0
5071.0
6588.0
8047.0
8459.0 
19908.C
TEMPERATURE 
(DEG C)
-40.8 
-40.8 
-40.8 
--40.8 
-40.8 
-40.9 
-•40.9 
-41.0 
-35.8 
- 35.9 
-36.0 
-34.0 
-33.0 
-32.0 
-30.6 
-28.0 
-27.6 
-27.0 
-25.3 
-23.6 
- 2 2 . 0  
-23.3 
-26.6 
-28.0 
-36.0 
-45.7 
-55.0 
-55.0 
-55.0
FLUX MEAN HEATING RATE,
CCAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
20.2
20.7 
21.2 
22.3
25.9
33.2
42.5
54.0
53.9
54.3
54.2
54.3
54.8
55.3
56.2
57.9
59.5
61.6
65.2
69.1 
74.0
79.8 
84.5
95.8 
109.8
123.4
133.4 
136.6
162.4
•27.882
-28.554
-29.495
-32.456
39.364
-49.846
-62.410
0.421
--1.040
0.065
- 0.254 
-0.740 
-0.637 
-0.710 
--0.667 
-0.639 
-0.425
- 0.300 
-0.314 
-0.402 
-0.472
-0.385
-0.458
-0.572
- 0.551 
-0.513 
-0.640 
-0.337
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HRS LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  IC E  ABSORPTION  0 .0 .0 1 6 0 /M , FOG DEPTH 5 0 .  M
0.0 -50.0 28.4 4.729
0.5 -47.0 28.3 -4.394
loO -45.0 28.4 -8.4i91
2 o 0 -44.0 28.7 •6.290
5.C -43.5 29.4 -3.569
10.0 -43.0 30.1 -3.085
15.0 -42.0 30.7 -3.460
20.0 -41.0 31.3 -3.480
30.0 -40.0 32.6 -3.648
40.0 -38.0 34.0 -4.434
50.0 -36.0 35.6 -0.853
60.0 -34.0 35.9 -1.268
80.0 -33.0 36.8 -1.090
100.0 -32.0 37.5 -1.125
139.0 -30.6 39.0 -0.985
213.0 -28.0 41.5 -0.858
287.0 -27.6 43.6 ■0.580
438.0 -27.0 46.5 ■0.387
829.0 -25.3 51.2 -0.369
1246.0 -23.6 55.7 -0.441
1690.0 -22.0 61.1 -0.501
2164.0 -23.3 67.3 -0.406
2667.0 -26.6 72.2 “0.471
3783.0 -28.0 83.8 -0.579
5071.0 -36.0 98.0 -0.554
6588.0 -45.7 111.6 -0.514
8047.0 -55.0 121.8 -0.641
8459.0 -55.0 124.9 -0.337
19908.0 -55.0 150.8
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
U9
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HRJ LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 9 IC E  ABSORPTION  0 .0 0 3 2 0 / M ,  FOG DEPTH 5 0 .  M
OcC -50.0 24.4 3.4,91
0.5 -47.0 24.3 -6.180
1.0 -45.0 24.4 -10.622
2 . 0 -44.0 24.8 -8.576
5.0 -43.5 25.8 -5.954
10.0 -43.0 26.9 -5.633
15.C -42.0 28.0 -6.236
20.0 -41.0 29.1 -6.485
30.0 -40.0 31.5 ■ 7.009
40.0 -38.0 34.1 -8.266
50.0 -36.0 37.1 -0.804
60.0 -34.0 37.4 ■1.224
80. C -33.0 38.3 -1.052
10C.C -32.0 39.0 -1.089
139.0 -30.6 40.5 -0.958
213.0 -28.0 42.8 -0.840
287.C -27.6 44.9 -0.567
438.0 -27.0 47.7 -0.380
829.0 -25.3 52.4 -0.365
1246.0 -23.6 56.8 -0.438
1690.C -22.0 62.2 •-0.499
2164.0 -23.3 68.3 -0.404
2667.0 -26.6 73.2 -0.470
3783.0 -28.0 84.8 -0.578
5071.0 -36.0 99.0 0.554
6588.0 -45.7 112.6 -0.514
8047.0 -55.0 122.7 -0.641
8459.0 -55.0 125.9 -0.337
19908.0 -55.0 151.7
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
Z70
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG CJ (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  ICE  ABSO RPTIO N  0 .0 1 2 8 0 / M ,  FOG DEPTH 5 0 .  M
o.c -50.0 6.3 1.213
0.5 -47.0 6.3 -11.727
1.0 -45.0 6.5 -18.198
2.0 -44.0 7.2 -17.064
5.0 -43.5 9.1 -15.073
10.0 -43.0 11.9 -15.822
15.0 -42.0 14.8 - 17.943
20.0 -41.0 18.2 -19.931
30.0 -40.0 25.5 -23.316
40. 0 -38.0 34.1 -28.480
50. 0 -36.0 44.6 *0.563
60.C -34.0 44.8 - 1.007
80. C -33.0 45.5 0.864
100.0 -32.0 46.1 0.916
139.0 -30.6 47.3 -0.829
213.0 -28.0 49.4 • 0.752
267.0 -27.6 51.2 -0 c505
438.0 -27.0 53.7 * 0.345
829.0 -25.3 57.9 -0.343
1246.C -23.6 62.1 -0.422
1690.0 -22.0 67.3 -0.487
2164.0 -23.3 73.3 -0.396
2667.0 -26.6 78.1 •0.465
3783.0 -28.0 89.6 -0.576
5071.C -36.0 103.7 -0.552
6588.0 -45.7 117.3 -0.513
8047.0 -55.0 127.4 -0.640
8459.C -55.0 130.5 -0.337
19908.0 -55.0 156.4
NEUTRAL HEIGHT BETWEEN 15. M AND 10.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
2 1 1
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR! LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  IC E  ABSO RPT IO N  0 . 0 1 9 2 0 / K ,  FOG DEPTH 50o  M
0.0 --50.0 1.5 2.651
0.5 -47.0 • 1.5 -12.416
1.0 -45.0 -1.3 -20.179
2.0 -44.0 ■0.5 ■19.553
5.0 -43.5 1.7 17.823
10.0 -43.0 5.0 -19.141
15.0 -42.0 8.6 -22.201
20.0 -41.0 12.7 -25.418
30.C -40.0 22.1 -31.146
40.0 -38.0 33.6 "39.880
50.0 -36.0 48.2 -0.442
60.0 -34.0 48.3 -0.900
80.0 -33.0 49.0 0.771
100.0 -32.0 49.5 -0.832
139.0 -30.6 50.6 -0.766
213.0 -28.0 52.5 -0.709
287.0 - 27.6 54.3 -0.475
438.0 -27.0 56.6 -0.329
829.0 -25.3 60.6 -0.332
1246.C -23.6 64.7 -0.415
1690.0 -22.0 69.8 -0.482
2164.0 -23.3 75.7 -0.392
2667.0 -26.6 80.5 -0.462
3783.0 -28.0 91.9 "0.574
5C71.0 -36.0 106.0 -0.552
6588.0 -45.7 119.5 -0.513
8047.0 -55.0 129.6 -0.640
8459.0 -55.0 132.7 "0.337
19908.0 -55.0 158.6
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
fM 5 (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FCG
SOUNDING 5 ,  IC E  ABSO RPT IO N  0 . 0 2 2 4 0 / M ,  FOG DEPTH 5 0 .  M
0.0 -50.0 -4.4 3.826
Oo 5 47.0 -4.5 -12.291
1.0 -45.0 •4.3 -20.680
2.0 -44.0 3.5 -20.262
5.0 -43.5 -lo2 -18.584
10.0 -43.0 2.3 -20.105
15.0 -42.0 6.0 -23.570
20.C -41.0 10.4 “27.362
30.0 -40.0 20.5 -34.323
40.0 -38.0 33.1 -45.098
50.0 -36.0 49.7 -0.390
60.0 -34.0 49.8 "0.854
80.0 -33.0 50.4 -0.733
100.0 -32.0 50.9 "0.796
139.0 -30.6 52.0 "0.740
213.0 -28.0 53.8 -0.691
287.0 -27.6 55.5 -0.463
438.0 -27.0 57.8 -0.322
829.0 -25.3 61.7 -0.328
1246.0 -23.6 65.8 •-0.411
1690.0 -22.0 70.8 -0.479
2164.0 -23.3 76.7 -0.391
2667.0 -26.6 81.5 -0.461
3783.0 -28.0 92.8 -0.574
5071.0 -36.0 106. 9 -0.551
6588.0 -45.7 120.4 -0.513
8047.0 -55.0 130.5 "0.640
8459.0 -55.0 133.7 -0.337
19908.0 -55.0 159.5
NEUTRAL HEIGHT BETWEEN 1. M AND O.M. •
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
-??3
IC E  CCG
. 1NG ICE A E S C P P T IC N  C .G 2 5 6 0 /W , FCG D EPT a 5C . N
c I C h T 
' w ]
TEHPEPATLPE 
(DEG C)
FLO
(CAL/S; CW/12 HR)
WEAN HEATING RATE, 
LAYER AECVE Z 
(CE6 C/12 HR)
c.c 5C.C 6,9 5.160
r , e -A7.C --7.G -11.982
l.C • A5.C -6,8 -20,977
2.C -AA.C ■6.0 20.737
5.C -A3.5 -3-6 -19,055
1C,C -A3.C -0,1 -20.716
1 5 -. c A2.C 3.8 -2A.537
20. C -Al .0 8.3 -28,662
20.C -AC.C 19,0 -37.071
AC , G -38.0 32,6 -50.0A0
50..0 -36.0 51.0 -0.3AA
cc.c -3A.C 51.1 -0,813
EC.. 0 -33.C 51.7 -0.698
10C..C -32.0 52.2 -0.765
139..0 -30.6 53.2 -0.717
213.C -28.0 55,0 -0,675
2R7..C -27.6 56.6 -O.A52
A38..G -27.0 58.9 -0,315
829 ..C -25.3 62.7 -0.32A
1 2A6..C -23.6 66.7 -0.A09
1690.C -22 .0 71.7 -0.A77
216A.C -23.3 77.5 -0.389
2667.C -26.6 82.3 -0.A60
3 783..C -28.0 93.7 “0.573
5C71..C -36.0 107.7 -0.551
6 5 8 8 0 -A5.7 121.3 -0.513
80A7.0 -55.0 131.A -0.6A0
8 A 5 9 , C -55.0 13A.5 -0.337
19908.0 -55.0 160.3
NEUTRAL HEIGHT BETWEEN 1, W AND 0. N.c
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
{M) {DEG C) {CAL/SQ CM/12 HR) LAYER ABOVE Z
{DEG C/12 HR)
IC E  FOG
SOUNDING 5 , IC E  ABSO RPT IO N  0 . 0 5 1 2 0 /M , FOG DEPTH 5 0 .  M
0.0 "50.0 16.1 17.045
C.5 ■47.0 -16.4 -8.182
1.0 -45.0 -16.3 -21.630
2oG -44.0 -15.5 -21.830
5.0 -43.5 -13.0 -18.340
10.0 -43.0 •9.6 -19.116
15.0 - 42.0 -6.1 -23.987
20.0 -41.0 -1.6 -30.571
30.0 -40.0 9.7 -47.933
40.0 -38.0 27.3 •82.340
50.0 -36.0 57.6 -0.092
60.0 -34.0 57.6 -0.600
80.0 -33.0 58.0 . -0.522
100.0 -32.0 58.4 -0.604
139.0 -30.6 59.2 -0.601
213.0 -28.0 60 = 7 -0.597
287.0 - 27.6 62.1 -0.397
438.0 -27.0 64.1 -0.285
829.0 -25.3 67.6 -0.305
1246.0 -23.6 71.3 -0.395
1690.C -22.0 76.2 -0.467
2164.0 -23.3 81.9 -0.382
2667.0 -26.6 86 = 6 -0.455
3783.0 -28.0 97.8 -0.5/71
5C71.C -36.0 111.8 •0.550
6588.0 -45.7 125.3 -0.512
8047.0 -55.0 135.4 -0.639
8459.0 -55.0 138.5 -0.337
19908.0 -55.0 164.4
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
CM) {DEG C) {CAL/SQ CM/12 HR) LAVER ABOVE Z
{DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  IC E  ABSO RPTION  0 .0 5 1 2 0 / M ,  FOG DEPTH 5 0 .  M
0.0 -35.5 5 o 8 •8.149
0.5 -35.5 5.9 -8.304
l.C -35.5 6.1 -8.561
2.0 -35.5 6.4 -9.323
5.0 -35.5 7.4 •11.180
10.0 -35.6 9.5 -14.154
15. 0 -35.6 12.1 -18.055
20 o 0 -35.7 15.4 -26.430
30.0 -35.8 25.1 ■43.643
40.0 -35.9 41.2 -71.662
50.0 -36.0 67.4 0.535
60.0 -34.0 67.2 -0.153
80.0 -33.0 67.3 -0.194
100.0 -32.0 67.5 -0.324
139.0 -30.6 67.9 --0.417
213.0 -28.0 69.0 -0.478
287.0 -27.6 70.1 -0.316
438.0 -27.0 71.7 -0.240
829.0 -25.3 74.6 -0.277
1246.0 -23.6 78.0 -0.375
1690.0 -22.0 82.6 "0.453
2164.0 -23.3 88.2 • 0.372
2667.0 -26.6 92.7 -0.449
3783.0 -28.0 103.8 -0.567
5071.0 -36.0 117.7 -0.549
6588.0 -45.7 131.2 “Ooffcll
8047.0 -55.0 141.3 -0.639
8459.0 -55.0 144.4 -0.336
19908.0 -55.0 170.2
NEUTRAL HEIGHT BETWEEN 5. M AND 2. M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
2, 'b
I C E  FOG
SO U N D IN G  5 ,  IC E  A B S O R P T IO N  0 .Q O 1 6 0 / M ,  FO G  D E P T H  1 0 0 c  M
HEIGHT 
«M >
OoO 
Oo 5
1.0
2.0
5.0
10o0
15.0
2 0 . 0
30.0
40.0
50.0
60.0
80.0
100c0
139.0
213.0
287.0
438.0
829.0
1246.0
1690.0
2164.0
2667.0
3783.0
5071.0
6588.0 
8047i0 
8459i0
19908.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX MEAN HEATING RATE,
(CAL/SQ CM/12 HR! LAYER ABOVE 2
(DEG C/12 HR)
-50
-47
-45
-44
-43
-43
-42
-41
-40
-38
-36
-34
-33
-32
-30
-28
-27
-27
-25
-23
-22
-23
-26
-28
-36
-45
-55
-55
-55
HEIGHT
.0
.0
.0
.0
.5
.0
.0
.0
.0
.0
.0
.0
.0
.0
.6
.0
.6
.0
.3
.6
.0
.3
.6
.0
.0
.7
.0
.0
.0
AT OR
23.3
23.3
23.3
23.6
24.3
25.0
25.5
26.1
27.4
28.7
30.5
32.7
37.3
41.7
42.6
44.5
46.4
49.0
53.5
57.8
63.1
69.2
74.2
85.7
99.9
113.5
123.6
126.7
152.6
ABOVE TOP OF FCG.
4.898
-4.217
-8.3,31
-6.133
-3.418
•2.947
-3.336
-3.368
-3.637
-4.709
-6.059
-6.344
-5.993
-0.672
-0.787
-0.760
-0.527
-0.365
-0.357
-0.434
-0.496
-0.402
-0.469
-0.578
-0.553
-0.514
-0.641
-0.337
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR} LAYER ABOVE Z
(DEG C/12 HR)
ICE FCG
SOUNDING 5, ICE ABSORPTION 0.00320/M, FOG DEPTH 100c M
0.0 - 50.0 15.2 4.224
0.5 -47.0 15.1 -5.438
1.0 -45.0 15.2 -9.892
2.0 -44.0 15.6 -7.842
5.0 -43.5 16.4 -5.218
10.0 -43.0 17.4 -4.900
15.0 -42.0 18.3 -5.505
20.0 -41.0 19.4 -5.750
30.0 -40.0 21.5 -6.355
40.0 -38.0 23.8 *-7.886
50.0 -36.0 26.7 -9.709
60.0 -34.0 30.3 -10.379
80.0 -33.0 37.8 -10.357
100.0 -32.0 45.4 -0.593
139.0 -30.6 46.2 -0.727
213.0 -28.0 48.0 -0.718
287.0 -27.6 49.8 -0.496
438.0 -27.0 52.2 -0.347
829.0 -25.3 56.5 -0.346
1246.0 -23.6 60.7 -0.425
1690.0 -22.0 65.9 -0.490
2164.0 -23.3 71.9 -0.398
2667.0 -26.6 76.8 -0.466
3783.0 -28.0 88.3 -0.576
5071.0 -36.0 102.4 -0.553
6588.0 -45.7 116.0 -0.514
8047.0 -55.0 126.1 -0.640
8459.0 -55*0 129.2 -0.337
19908.0 -55.0 155.1
NEUTRAL HEIGHT BETWEEN 50. M AND 40. M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) ICAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  ICE  ABSO RPTIO N  0 .0 0 3 2 0 / M ,  FOG DEPTH 1 0 0 .  M
OoO -31.0 59.4 -5.2,31
0.5 -31.0 59.5 -5.219
l.C -31.0 59.6 -5.226
2»0 -31.0 59.8 -5.228
5.0 -31.0 60.4 -5.260
10.0 -31.1 61.4 -5.301
15.0 -31.1 62.3 -5.346
20.0 -31.2 63.3 -5.420
30.0 -31.3 65.3 -5.524
40.0 -31.4 67.3 -5.625
50.0 -31.5 69.4 -5.705
60.0 -31.6 71.5 -5.826
80.0 -31.8 75.8 -5.901
100.0 -32.0 80.1 0.291
139.0 -30.6 79.7 -0.125
213.0 -28.0 80.0 -0.302
287.0 -27.6 80.7 :-0.203
438.0 -27.0 81.7 -0.180
829.0 -25.3 83.9 -0.240
1246.0 -23.6 86.9 -0.349
1690.0 -22.0 91.2 -0.433
2164.0 -23.3 96.5 -0.359
2667.0 -26.6 100.9 -0.440
3783.0 -28.0 111.7 -0.563
5071.0 -36.0 125.5 -0.546
6588.0 -45.7 139.0 -0.510
8047.0 -55.0 149.0 -0.638
8459.0 -55.0 152.1 -0.336
19908.0 -55.0 177.9
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCG.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
211
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
IDEG 0/12 HR)
I C E  FOG
SO U N D IN G  5 ,  IC E  A B S O R P T IO N  0 . 0 0 6 4 0 / M ,  FOG D E PT H  1 0 0 .  M
0.0 -50.0 2.6 4.320
0.5 -47.0 2.5 -6.419
1.0 -45.0 2.6 -11.541
2.0 -44.0 3.1 -9.775
5.0 -43.5 4.2 -7.312
10.0 -43.0 5.5 -7.275
15o 0 -42.0 6.9 -8.295
20.0 -41.0 8.4 -8.952
30. C -40.0 11.7 -10.224
40.0 -38.0 15.5 -12.698
50.0 -36.0 20.2 .-15.525
60.0 -34.0 25.8 -17.132
80.0 -33.0 38.4 -18.1)31
100.0 -32.0 51.6 -0.462
139.0 -30.6 52.2 .-0.628
213.0 -28.0 53.8 -0.646
287.0 -27.6 55.3 -0.445
438.0 -27.0 57.5 -0.317
829.0 -25.3 61.4 -0.327
1246.0 -23.6 65.4 -0.412
1690.0 -22.0 70.5 -0.480
2164.0 -23.3 76.3 -0.391
2667.0 -26.6 81.1 -0.461
3783.0 -28.0 92.5 -0.574
5071.0 -36.0 106.6 -0.551
6588,0 -45.7 120.1 -0.513
8047.0 -55.0 130.2 -0.640
8459.0 -55.0 133.4 -0.337
19908.0 -55.0 159.2
NEUTRAL HEIGHT BETWEEN 10. M AND 5.M. .
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
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IC E  FOG
SO U N D IN G  5 ,  IC E  A B S O R P T IO N  0 . 0 0 6 4 0 / M ,  FOG D E P T H  1 0 0 .  M
HEIGHT
(M)
0.0 
0.5
1.0
2.0 
5 oO
10.0
15.0
2 0 . 0
30.0
40.0
50.0
60.0 
80i0
100.0 
139 . 0
213.0
287.0
438.0
829.0
1246.0
1690.0
2164.0
2667.0
3783.0
5071.0
6588.0
8047.0
8459.0
19908.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR)
-31.0 
-31.0 
-31.0 
-31.0 
-31.0 
-31.1 
-31.1 
-31.2 
-31.3 
-31.4 
-31.5 
-31.6 
-31.8 
-32.0 
-30.6 
-28.0 
-27.6 
-27.0 
-25.3 
-23.6 
- 22.0 
-23.3 
-26.6 
-28.0 
-36.0 
-45.7 
-55.0 
-55.0 
-55.0 
HEIGHT AT OR ABOVE
43.5
43o6
43.8
44.0
44.9
46.3 
47 o 8
49.4
52.5
55.8
59.3
63.0
71.0
79.8
79.4
79.7
80.5
81.5
83.7
86.7
90.9
96.3
100.7
111.5
125.3
138.8
148.8
151.9
177.7
TOP OF FOG,
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
-7.625
-7.627
-7.656
-7,714
-7.861
-8.054
-8.256
-8.582
-9.048
-9.545
-10.056
-10.891
-12.033
0.283
-0.131
-0.305
-0.206
-0.182
- 0.241
-0.350
-0.434
-0.359
-0.440
-0.563
-0.546
-0.510
“0.638
-0.336
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 H R ) LAYER ABOVE Z
(DEG C/12 HR)
I C E  FOG
S O U N D IN G  5» IC E  A B S O R P T IO N  0 . 0 2 5 6 0 / M ,  FO G  D E P T H  1 0 0 .  M
0.0 -50.0 •21.7 15.215
0.5 -47.0 -22.0 -1.736
1.0 -45.0 -22.0 -10.492
2.0 -44.0 -21.6 -9.6B1
5.0 -43.5 -20.5 -6.7/91
10.0 -43.0 -19.2 “ 6.7/61
15.0 -42.0 -18.0 -8.6/51
20.0 -41.0 -16.4 "9.558
30.0 -40.0 -12. 8 -12.200
40.0 -38.0 -8.3 -18.266
50.0 -36.0 -1.6 -25.986
60.0 -34.0 7.9 -34.339
80.0 -33.0 33.0 -49.318
100.0 -32.0 68.9 -0.072
139.0 -30.6 69.0 -0.342
213.0 -28.0 69.9 -0.443
287.0 -27.6 70.9 -0.300
438.0 -27.0 72.4 -0.234
829.0 -25.3 75.3 -0.274
1246.0 -23.6 78.6 -0.373
1690.0 -22.0 83.2 -0.451
2164.0 -23.3 88.7 -0.3)71
2667.0 -26.6 93.3 -0.448
3783.0 -28.0 104.3 ” 0.567
5071.0 -36.0 118.3 .“0.548
6588.0 -45.7 131.7 ” 0.5)11
8047.0 -55.0 141.8 -0.639
8459.0 -55.0 144.9 -0.336
19908.0 -55.0 170.7
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
£ $ 2
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE*
(M) (DEG C) (CAL/SQ CM/12 HR? LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5 ,  IC E  A BSO R PT IO N  0 .0 3 2 0 0 /M »  ^OG DEPTH  100= M
0.0 -50.0 -22.5 18.236
0 o 5 -47.0 -22.9 -0.736
1.0 -45.0 -22.9 -10.617
2.0 -44.0 -22.5 -9.917
5.0 -43.5 -21.3 -6.492
10.0 -43.0 -20.1 -5.990
15.0 -42 ;0 -19.0 -7.703
20.0 -41.0 -17.6 -8.009
30.0 -40.0 -14.6 -10.180
40.0 -38.0 -10.9 -16.509
50.0 -36.0 -4.8 -25.041
60.0 -34.0 4.3 -35.133
80*0 -33.0 30.0 -56.450
100.0 -32.0 71.1 -0.016
139.0 -30.6 71.2 -0.303
213.0 -28.0 71.9 -0.416
287*0 -27.6 72.9 -0.281
438.0 -27.0 74.3 -0.223
829.0 -25.3 77.1 -0.267
1246.0 -23.6 80.3 -0.368
1690.0 -22.0 84.8 “0.447
2164.0 -23.3 90.3 -0.369
2667.0 -26.6 94.8 -0.446
3783.0 -28.0 105.8 -0.566
5071.0 -36.0 119.7 “0.548
6588.0 -45.7 133.2 -0.511
8047.0 -55.0 143.3 -0.639
8459.0 -55.0 146.4 -0.336
19908.0 -55.0 172.2
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 5» IC E  ABSO RPT IO N  0 .0 4 4 8 0 / M ,  FOG DEPTH 1 0 0 .  M
0.0 -50.0 -22.0 22.560
Oo 5 -47,0 -22.4 -0.431
1.0 -45.0 -22.4 -12.492
2.0 -44.0 -21.9 -11.865
5.0 -43.5 -20.6 -7.130
10.0 -43.0 -19.2 -5.452
15.0 -42.0 -18.2 -6.611
20.0 -41.0 -17.0 -5.446
30.0 -40.0 -15i>0 -6.173
40.0 -38.0 -12.7 -12.242
50.0 -36.0 -8.2 -21.399
60.0 -34.0 -0.4 -33.586
80.0 -33.0 24.1 -67.997
100.0 -32.0 73.7 0.053
139.0 -30.6 73.6 -0.257
213.0 -28.0 74.3 -0.385
287.0 -27.6 75.2 -0.259
438k0 -27.0 76.5 -0.2-11
829.0 -25.3 79.1 -0.259
1246.0 -23.6 82.2 -0.363
1690.0 -22.0 86.7 -0.443
2164.0 -23.3 92.1 -0.366
2667.0 -26.6 96.6 -0.445
3783i0 -28.0 107.6 -0.565
5071.0 -36.0 121.4 -0.548
6588^0 -45.7 134.9 -0.511
8047.0 -55.0 144.9 .-0.638
8459.0 -55.0 148.1 -0.336
19908.0 -55.0 173.9
NEUTRAL HEIGHT BETWEEN 1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
IC E  FOG
SOUNDING 5 ,  IC E  ABSORPTIO N  0 . 0 5 1 2 0 /M , FOG DEPTH 1 0 0 . M
HEIGHT
SM)
0.0 
0.5 
1.0 
2.0 
5.0 
10.0
15.0
20 .0
30.0
40.0
50.0 
6C.0
80.0 
100.0
139.0
213.0
287.0
438.0
829.0
1246.0
1690.0 
2164.C
2667.0
3783.0
5071.0
6588.0
8047.0
8459.0 
19908.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR I
-50.0 
-47.0 
-45.0 
-44.0 
-43.5 
-43.0 
-42.0 
-41.0 
-40.0 
-38.0 
-36.0 
-34.0 
-33.0 
-32.0 
-30.6 
-28.0 
-27.6 
-27.0 
-25.3 
-23.6 
- 2 2 . 0  
-23.3 
-26.6 
-28.0 
-36.0 
-45.7 
-55.0 
-55.0 
-55.0 
HEIGHT BETWEEN
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
24.157 
-0.826 
• 13.956 
"13.304 
-7.846 
-5.541
416
533
502
"21.3 
-21.8 
- 2 1 . 8  
-21.3 
"19.8 
-18.3
-17.3 -6.
-16.1 -4.
-14.4 -4,
12.7 -10.2.51
-9.0 -19.377
1.9 -31.961
21.5 f-72.715
74.5 0.075
74.4 -0.242
75.0 -0.375
75.9 -0.253
77.1 -0.207
79.7 -0.257
82.8 -0.361
87.2 -0.442
92.6 -0.365
97.1 -0.444
108.1 -0.565
121.9 -0.547
135.4 -0.511
145.4 -0.638
148.6 -0.336
174.4
1. M AND O.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(OEG C/12 HR)
IC E  FOG
SOUNDING 5 , IC E  ABSO RPTIO N  0 . (15120 /M , FOG DEPTH 100* M
0.0 -31. 0 1.0 -1.488
0.5 -31.0 1.1 -1.467
1<,0 -31.0 1.1 -1.458
2.0 -31.0 1.1 -1.442
5.0 -31.0 1.3 -1.484
10.0 -31.1 1.6 -1.630
15.0 -31.1 1.9 -1.885
20.0 -31.2 2.2 -2.546
30.0 -31.3 3.2 -4.037
40.0 -31.4 4.6 -6.618
50.0 -31.5 7.1 -10.970
60.0 -31.6 11.1 -24.398
80.0 -31.8 28.9 -67.750
100.0 -32.0 78.3 0.242
139.0 -30.6 78.0 -0.157
213.0 -28.0 78.4 -0.323
287.0 -27.6 79.2 -0.218
438.0 -27.0 80.3 -0.188
829.0 -25.3 82.6 -0.246
1246.0 -23.6 85.6 -0.353
1690.0 -22.0 89.9 -0.436
2164.0 -23.3 95.2 -0 . 3i61
2667.0 -26.6 99.7 -0.441
3783.0 -28.0 110.6 -0.563
5071.0 -36.0 124.4 -0.547
6588.0 -45.7 137.8 -0.510
8047.0 -55.0 147.9 -0.638
8459.0 -55.0 151.0 -0.336
19908.0 -55.0 176.8
NEUTRAL HEIGHT BETWEEN 1. M AND l.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
2 .  I N I T I A L  S T A G E S  OF IC E  F O G .
*%(c
ICE FOG
SOUNDING 4, ICE ABSORPTION 0.00064/M, FOG DEPTH 0. M
HEIGHT
(MI
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR}
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
0.0 ~44 .0 52.9 3.453
0. 5 -43.0 52.8 0.162
1.0 -42.5 52.8 -1.601
2.0 -42.0 52.9 -0.657
5.0 -41.5 52.9 -0.195
10.0 -41.0 53.0 -0.059
15.0 -40.5 53.0 -0.183
20o0 -40.0 53.0 -0.142
30.0 -39.5 53.1 0.116
40o0 -39.0 53.0 0.003
50.0 -38.0 53.0 -0.299
75.0 -36.0 53.3 -0.659
100.0 -34.0 53.9 -0.949
138.0 -32.0 55.1 -0.782
210o0 -31.3 57.Q -0.563
283 oO -30.7 58.4 -0.445
433.0 -30.0 60.6 -0.333
818.0 -30.0 64.7 -0.266
1225.0 -30.0 67.9 -0.269
1657.0 -30.0 71.2 -0.314
2117.0 -30.0 75.1 -0.404
2608.0 -30.0 80.0 -0.404
3692.0 -35.3 89.9 -0.429
4948.0 -41.4 100.4 -0.444
6439.0 -49.0 111.4 -0.520
7310.0 -52.0 117.7 -0.805
8302.0 -55.0 127.6 -0.340
19751.0 -55.0 153.7
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCO.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
I C E  FCG
S O U N D IN G  A ,  IC E  A B S O R P T IO N  0 . 0 0 0 6 A / M »  FOG D E PT H  1 0 .  M
HEIGHT 
f H I
OoO 
0 c 5 
1-0
2.0
5.0
10.0
15.0
20.0
30.0 
AO o 0
50.0
75.0
100 .0
138.0
210.0
283.0 
A33.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0 
A9A8.0 
6A39.0
7310.0
8302.0
19751.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX 
(CAL/SQ CM/12 HR)
--AA.0 
-A3.0 
-A2.5 
-A2.0 
~Al .5 
-Ai.O 
“AO.5 
-A0.0 
-39.5 
-39.0 
-38.0 
-36.0 
-3A.0 
-32.0 
-31.3 
-30.7 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-35.3 
-Al .A 
-A9.0 
-52.0 
-55.0 
-55.0 
HEIGHT AT
52.6
52.5
52.6
52.7
52.8
53.1
53.1
53.1
53.1
53.1
53.1
53.3
53.9
55.1
57.1 
58.A
60.6 
6A.7
68.0
71.3
. 75.1
80.0
89.9
100.5 
111.A
117.8
127.6
153.7
OR ABOVE TOP OF FOG.
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
2.017
“0.061
-2.735
-1.716
-1.223
0.058
“0.117
- 0 .1 1 2
0.135
0 .010
“0.291
-0.656
-0.9A7
-0.780
“0.562
-0.AA5
-0.333
-0,266
-0.269
-0.31A
-O.AOA
-O.AOA
-0.A29
-O.AAA
-0.520
-0.805
-0.3A0
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
mHEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IMS (DEG C» (CAL/SQ CM/12 HRS LAYER ABOVE Z
(DEG C/12 HRS
ICE FOG
SOUNDING 4, ICE ABSORPTION 0.00128/M, FOG DEPTH 10. M
OoO -44.0 52.2 1.073
0.5 -43.0 52.2 -1.074
1.0 -42.5 52.2 “3.794
2.0 -42.0 52o4 -2.821
5.0 -41.5 52.7 -2.373
10.0 -41.0 53.1 0.062
15.0 -40.5 53.1 -0.115
20.0 -40.0 53.1 “0.110
30.0 -39.5 53.2 0.136
40.0 -39.0 53.1 0.012
50.0 -38.0 53.1 -0.290
75.0 -36.0 53.4 -0.655
100.0 -34.0 53.9 “0.946
138.0 -32.0 55.2 -0.780
210.0 -31.3 57.1 “0.5)61
283t>0 -30.7 58.5 -0.444
433.0 -30.0 60.7 -0.332
818.0 -30.0 64.7 “0.266
1225.0 -30.0 68.0 -0.269
1657.0 -30.0 71.3 -0.314
2117.0 -30.0 75.1 “0.404
2608.0 -30.0 80.1 -0.404
3692.0 -35.3 90.0 -0.429
4948.0 -41.4 100.5 -0.444
6439.0 -49.0 111.4 “0.520
7310.0 -52.0 117.8 -0.805
8302.0 -55.0 127.7 -0.340
19751.0 -55.0 153.8
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
2 . 8 7
IC E  FOG
SO UN D IN G  4 ,  IC E  A B S O R P T IO N  0 .Q 0 2 5 6 / M ,  FOG D EPTH  IO c  M
HEIGHT
IM)
0.0
OoS
1.0
2.0
5.0
10.0
15oC
20.0
30.0
40.0
50.0
75.0
100.0
138.0
210.0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0 
6439b0
7310.0
8302.0
19751.0
NEUTRAL
TEMPERATURE 
(OEG C)
FLUX
(CAL/SQ CM/12 HR)
-44.0 
-43.0 
-42.5 
-42.0 
-41.5 
-41.0 
-40.5 
-40.0 
-39.5 
-39.0 
-38.0 
-36.0 
-34.0 
-32.0 
-31.3 
-30.7 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-35.3 
-41.4 
-49.0 
-52.0 
-55.0 
-55.0 
HEIGHT AT OR ABOVE
51.5
51.5
51.5
51.8
52.3
53,
53,
53,
53.
53.2
53.2
53.4
54.0
55.2
57.1
58.5
60.7 
64o8
68.0
71.3
75.2
80.1
90.0
100.5
111.4
117.8
127.7
153.8
TOP OF FOG,
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
“0.772 
-3.063 
-5.880 
-5.003 
-4.660 
0.069 
-0.109 
-0.105 
0.140 
0.014 
.-0.287 
-0.652 
-0.944 
-0.778 
-0.561 
-0.444 
-0.332 
-0.266 
-0.269 
-0.314 
-0.404 
-0.404 
-0.429 
-0.444 
-0.520 
-0.805 
-0.340
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
1*10
IC E  FOG
SOUNDING 4 ,  . ICE  ABSO RPTIO N  0 .0 0 5 1 2 /M y  FOG DEPTH 1 0 . M
HEIGHT
(M)
0.0
0.5
1.0
2.0
5.0
1 0 . 0
15.0
20.0
30.0
40.0
50.0
75.0 
100.0
138.0
210.0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0
6439.0
7310.0
8302.0 
19751.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR)
-44.0 50.0
-43.0 50.1
-42.5 50.2
-42.0 50.6
-41.5 51.6
-41.0 53.3
-40.5 53.3
-40.0 53.3
-39.5 53.4
-39.0 53.3
-38.0 53.3
-36.0 53.6
-34.0 54.1
-32.0 55.4
-31.3 57.3
-30.7 58.6
-30.0 60.8
-30.0 64.9
-30.0 68.1
-30.0 71.4
-30.0 75.3
-30.0 80.2
-35.3 90.1
-41.4 100.6
-49.0 111.5
-52.0 117.9
-55.0 127.8
-55.0 153.9
HEIGHT AT OR ABOVE TOP OF FOG.
MEAN HEATING RATEy 
LAYER ABOVE Z 
(DEG C/12 HR)
^4.317 
-6.907 
-9.920 
-9.265 
-9.183 
0.084 
-0.099 
-0.096 
0.147 
0.020  
-0.283 
-0.648 
-0.9,41 
-0.776 
-0.559 
-0.443 
-0.332 
-0.265 
-0.268 
-0.314 
-0.403 
-0.404 
-0.429 
-0.444 
-0.520 
-0.805 
-0.340
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
~i.1l
IC E  FOG
SOUNDING 4 9 IC E  ABSO R PT IO N  0 . 0 0 0 6 4 / M ,  FOG DEPTH 2 0 .  M
HEIGHT
(M)
0.0
0.5
1.0
2.0
5.0
10 .0
15.0
2 0 . 0
30.0
40.0
50.0
75.0 
100.0
138.0
210.0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0
6439.0
7310.0
8302.0 
19751.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR)
-44.0 52.2
-43.0 52.2
-42.5 52.2
-42.0 52.3
-41.5 52.5
-41.0 52.7
-40.5 53.0
-40.0 53.2
-39.5 53.2
-39.0 53.2
-38.0 53.1
-36.0 53.4
-34.0 54.0
-32.0 55.2
-31.3 57.1
-30.7 58.5
-30.0 60.7
-30.0 64.8
-30.0 68.0
-30.0 71.3
-30.0 75.1
-30.0 80.1
-35.3 90.0
-41.4 100.5
-49.0 111.4
-52.0 117.8
-55.0 127.7
-55.0 153.8
HEIGHT AT OR ABOVE TOP OF
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
1.993
-0.089
-2.781
-1.762
-1.301
-1.177
-1.296
“0.033
0.168
0.025
“0.278
-0.649
-0.943
-0.778
-0.561
-0.444
“0.332
-0.266
-0.269
-0.314
-0.404
-0.404
-0.429
-0.444
-0.520
-0.805
-0.340
FCG,
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IC E  FOG
SOUNDING 4 ,  IC E  A BSO R PT IO N  0 .0 0 1 2 8 / M ,  FOG DEPTH 2 0 .  M
HEIGHT 
(M )
0.0
0.5
1.0 
2.C
5.0
10.0
15.0
2 0 .0
30.0
40.0
50.0
75.0
100 .0
138.0
2 1 0 . 0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0
6439.0
7310.0
8302.0
19751.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HRJ
-44.0 
-43.0 
-42.5 
-42.0 
-41.5 
-41.0 
-40.5 
-40.0 
-39.5 
-39.0 
-38.0 
-36.0 
-34.0 
-32.0 
-31.3 
-30.7 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-35.3 
-41.4 
-49.0 
-52.0 
-55.0 
-55.0 
HEIGHT AT OR ABOVE
51.5
51.5
51.5
51.6
51.9
52.4
52.8
53.3
53.3
53.2
53.2
53.5
54.0
55.3
57.2
58.6
60.8
64.8
68.1
71.4
75.2
80.1
90.0
100.6
111.5
117.8
127.7
153.8
TOP OF FCG.
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
1.067
-1.088
-3.823
-2.852
-2.436
“2.359
“2.525
“0.027
0.172
0.028
-0.275
“0.647
-0.9)41
-0.776
-0.560
-0.443
-0.332
-0.266
-0.268
“0.314
-0.403
-0.404
-0.429
“0.444
-0.520
-0.805
-0.340
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
I C E  FOG
S O U N D IN G  4 ,  IC E  A B S O R P T IO N  0 . 0 0 2 5 6 / M ,  FOG D E PT H  2 0 o  M
0.0 -44.0 50.0 -0.712
0.5 -43.0 50.0 -3.006
1.0 -42.5 50.0 -5.840
2.0 -42.0 50.3 -4.964
5.0 -41.5 50.8 -4.654
10.0 -41.0 51.7 -4.688
15.0 -40.5 52.6 -4.967
20.0 -40.0 53.5 -0.016
30.0 -39.5 53.5 0.1)81
40.0 -39.0 53.4 0.035
50.0 -38.0 53.4 -0.269
75.0 -36.0 53.6 -0.6i41
100.0 -34.0 54.2 -0.937
138.0 -32.0 55.4 -0.774
210.0 -31.3 57.3 -0.558
283.0 -30.7 58.7 -0.442
433.0 -30.0 60.9 -0 « 3»31
818.0 -30.0 64.9 -0.265
1225.0 -30.0 68.2 -0.268
1657.0 -30.0 71.5 -0.314
2117.0 -30.0 75.3 -0.403
2608.0 -30.0 80.2 -0.404
3692.0 -35.3 90.1 -0.429
4948.0 -41.4 100.7 -0.444
6439.0 -49.0 111.6 -0.520
. 7310.0 -52.0 118.0 -0.805
8302.0 -55.0 127.8 -0.340
19751.0 -55.0 153.9
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  pOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 . 0 0 5 1 2 /M , FOG DEPTH 2 0 .  M
0.0 -44.0 47.1 -3.970
0.5 -43.0 47.2 -6.563
1.0 -42.5 47.3 -9.592
2.0 -42.0 47.7 -8.937
5.0 -41.5 48.6 -8.886
10.0 -41.0 50.3 -9.206
15.0 -40.5 52.0 -9.779
20.0 -40.0 53.8 0.007
30.0 -39.5 53.8 0.197
40.0 -39.0 53.7 0.048
50.0 -38.0 53.7 -0.258
75.0 -36.0 54.0 -0.631
100.0 -34.0 54.5 -0.929
138.0 -32.0 55.7 -0.768
210.0 -31.3 57.6 -0.554
283*0 -30.7 59.0 -0.440
433.0 -30.0 61.1 -0.330
818.0 -30.0 65.2 -0.264
1225.0 -30.0 68.4 -0.268
1657.0 -30.0 71.7 -0.314
2117.0 -30.0 75.5 -0.403
2608.0 -30.0 80.5 -0.403
3692.0 -35.3 90.3 -0.428
4948.0 -41.4 100.9 -0.444
6439.0 -49.0 111.8 -0.520
7310.0 -52.0 118.2 -0.805
8302.0 -55.0 128.0 -0.340
19751.0 -55.0 154.1
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 . 0 0 1 6 0 /M , FOG DEPTH 2 0 .  M
0.0 -44.0 51.1 0.612
0.5 -43.0 51.1 -1.573
1.0 -42.5 51.1 -4.338
2.0 -42.0 51.3 -3.388
5.0 -41.5 51.7 -2.997
10.0 -41.0 52.2 -2.946
15.0 -40.5 52.8 -3.138
20.0 -40.0 53.3 -0.024
30.0 -39.5 53.3 0.174
40.0 -39.0 53.3 0.030
50.0 -38.0 53.3 -0.274
75.0 -36.0 53.5 -0.645
100.0 -34.0 54.1 -0.940
138.0 -32.0 55.3 -0.776
210.0 -31.3 57.2 -0.559
283.0 -30.7 58.6 -0.443
433.0 -30.0 60.8 -0.332
818.0 -30.0 64.8 -0.265
1225.0 -30.0 68.1 -0.268
1657.0 -30.0 71.4 -0.314
2117.0 -30.0 75.2 -0.403
2608.0 -30.0 80.2 -0.404
3692.0 -35.3 90.0 -0.429
4948.0 -41.4 100.6 -0.444
6439.0 -49.0 111.5 -0.520
7310.0 -52.0 117.9 -0.805
8302.0 -55.0 127.8 -0.340
19751.0 -55.0 153.8
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SC CM/12 HR) LAYER ABOVE Z
(OEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 . 0 0 3 2 0 / M ,  FOG DEPTH  2 0 .  M
0.0 -44.0 49.2 -1.562
0.5 -43.0 49.3 -3.931
1.0 -42.5 49.3 -6.812
2.0 -42.0 49.6 -5.989
5.0 -41.5 50.3 -5.737
10.0 -41.0 51.3 -5.835
15.0 -40.5 52.4 -6.179
20.0 -40.0 53.6 -0.010
30.0 -39.5 53.6 0.185
40.0 -39.0 53.5 0.038
50.0 -38.0 53.5 -0.267
75.0 -36.0 53.7 -0.639
100.0 -34*0 54.3 -0.935
138.0 -32.0 55.5 -0.772
210.0 -31.3 57.4 -0.557
283.0 -30.7 58.8 -0.441
433.0 -30.0 61.0 -0.3J31
818*0 -30.0 65.0 -0.265
1225.0 -30.0 68.2 -0.268
1657.0 -30.0 71.5 -0.314
2117.0 -30.0 75.4 -0.403
2608.0 -30*0 80.3 .-0.404
3692.0 -35.3 90.2 -0.429
4948.0 -41.4 100.7 -0.444
6439.0 -49.0 111.6 -0.520
7310.0 -52.0 118.0 -0.805
8302.0 -55*0 127.9 -0.340
19751.0 -55.0 154.0
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO R PT IO N  0 . 0 0 6 4 0 / M .  FOG DEPTH 2 0 .  M
0.0 -44.0 45.7 -5.463
0.5 -43.0 45.8 -8.205
1.0 -42.5 46.0 -11.338
2.0 -42.0 46.4 -10.802
5.0 -41.5 47.6 -10.903
10.0 -41.0 49.6 -11.397
15.0 -40.5 51.7 -12.1)51
20.0 -40.0 54.0 0.018
30.0 -39.5 54.0 0.205
40.0 -39.0 53.9 0 b054
50.0 -38.0 53.9 -0.252
75.0 -36.0 54.1 -0.627
100.0 -34.0 54.7 -0.925
138;0 -32.0 55.9 -0.765
210.0 -31.3 57.7 -0.552
283.0 -30.7 59.1 -0.438
433.0 -30.0 61.3 -0.329
818.0 -30.0 65.3 -0.264
1225.0 -30.0 68.5 -0.267
1657.0 -30.0 71.8 -0.313
2117.0 -30.0 75.6 -0.403
2608.0 -30.0 80.6 -0.403
3692.0 -35.3 90.4 -0.428
4948.0 -41.4 101.0 -0.444
6439.0 -49.0 111.9 -0.520
7310.0 -52.0 118.3 -0.805
8302.0 -55.0 128.1 .-0.340
19751.0 -55.0 154.2
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(MI (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SO U N D IN G  4 ,  IC E  A B S O R P T IO N  0 . 0 1 2 8 0 / M ,  FOG D EPTH  2 0 .  M
0.0 -44.0 39.3 -11.686
0o5 -43b0 39.5 -15.190
1.0 -42.5 39.8 -18.867
2.0 -42.0 40.5 -19.012
5.0 -41.5 42.6 -20.062
10.0 -41.0 46.4 -21.700
15.0 -40.5 50.4 -23.601
20.0 -40.0 54.8 0.069
30.0 -39.5 54.7 0.243
40.0 -39.0 54.6 0.084
50.0 -38.0 54.6 -0.226
75.0 -36.0 54.8 -0.604
100.0 -34.0 55.3 -0.907
138.0 -32.0 56.5 -0.753
210.0 -31.3 58.4 -0.544
283.0 -30.7 59.7 -0.433
433.0 -30.0 61.9 -0.326
818.0 -30.0 65.8 -0.262
1225.0 -30.0 69.1 -0.266
1657.0 -30.0 72.3 -0.312
2117.0 -30.0 76.1 -0.402
2608.0 -30.0 81.1 -0.403
3692.0 -35.3 90.9 -0.428
4948.0 -41.4 101.4 -0.444
6439.0 -49.0 112.4 -0.520
7310.0 -52.0 118.7 -0.805
8302.0 -55.0 128.6 -0.340
19751.0 -55.0 154.7
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) IDEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 .0 2 5 6 0 / M ,  FOG DEPTH 2 0 .  M
0.0 -44.0 28.8 -19.097
0.5 -43.0 29.1 -24.164
1.0 -42.5 29.6 -28.993
2.0 -42.0 30.6 -30.737
5.0 -41.5 34.1 -34.304
10.0 -41.0 40.4 -39.305
15.0 -40.5 47.7 -45.218
20.0 -40.0 56.1 0.157
30.0 -39.5 56.0 0.308
40.0 -39.0 55.9 0.134
50.0 -38.0 55.9 -0.L81
75.0 -36.0 56.0 -0.565
100.0 -34.0 56.5 -0.877
138.0 -32.0 57.7 -0.732
210.0 -31.3 59.5 -0.529
283.0 -30.7 60.8 -0.423
433.0 -30.0 62.9 -0.320
818.0 -30.0 66.8 -0.259
1225.0 -30.0 70.0 -0.264
1657.0 -30.0 73.2 -0.3.11
2117.0 -30.0 77.0 -0.401
2608.0 -30.0 81.9 “0.402
3692.0 -35.3 91.7 -0.428
4948.0 -41.4 102.2 -0.443
6439.0 -49.0 113.1 -0.520
7310.0 -52.0 119.5 -0.805
8302.0 -55.0 129.4 -0.340
19751.0 -55.0 155.5
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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.3 o n
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  ICE  ABSO RPTION  0 .0 5 1 2 0 / M ,  FOG DEPTH 2 0 .  F
OoO -44.0 14.4 -21.367
0.5 -43.0 14.8 -29.479
1.0 -42.5 15.3 -36.508
2.0 -42.0 16.7 -41.366
5.0 -41.5 21.3 -50.513
10.0 -41.0 30.7 -64.543
15.0 -40.5 42.7 -83.118
20.0 -40.0 58.0 0.289
30.0 -39.5 57.9 0.405
40.0 -39.0 57.8 0.209
50.0 -38.0 57.7 -0.115
75.0 -36.0 57.8 -0.508
100.0 -34.0 58.3 -0.832
138.0 -32.0 59.4 -0.701
210.0 -31.3 61.1 -0.507
283.0 -30.7 62.3 -0.409
433.C -30.0 64.3 -0.312
818. 0 - 3 0 . 0 68.2 -0.254
1225.0 -30.0 71.3 -0.260
1657.0 -30.0 74.5 -0.308
2117.0 -30.0 78.2 -0.399
2608.0 -30.0 83.1 -0.401
3692.0 -35.3 92.9 “0.427
4948.0 -41.4 103.4 -0.443
6439.0 -49.0 114.3 -0.519
7310.0 -52.0 120.7 “0.805
8302.0 -55.0 130.6 -0.340
19751.0 -55.0 156.6
NEUTRAL HEIGHT BETWEEN 10. M AND • 5.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 . 0 5 1 2 0 / M ,  FOG DEPTH 2 0 .  M
0.0 -39.8 23.1 -32.224
0. 5 -39.8 23.7 -33.015
1.0 -39.8 24.4 -34.194
2.0 -39.8 25.6 -37.728
5.C -39.8 29.8 -46.016
10.0 -39.9 38.3 -58.913
15.0 -39.9 49.2 -75.360
20.0 -40.0 63.2 0.376
30.0 -37.8 63.0 -0.258
40.0 -37.9 63.1 0.312
50.0 -38.0 63.0 0.252
75.0 -36.0 62.8 -0.3)01
100.0 -34.0 63.1 -0.687
138.0 -32.0 64.0 -0.608
210.0 -31.3 65.4 .-0.446
283.0 -30.7 66.5 -0.369
433.0 -30.0 68.4 -0.289
818.0 -30.0 71.9 -0.241
1225.0 -30.0 74.9 -0.251
1657.0 -30.0 77.9 -0.301
2117.0 -30.0 81.6 -0.393
2608.0 -30.0 86.4 -0.397
3692.0 -35.3 96.2 -0.425
4948.0 -41.4 106.6 -0.442
6439.0 -49.0 117.5 -0.519
7310.0 -52.0 123.9 -0.804
8302.0 -55.0 133.7 -0.340
19751.0 -55.0 159.8
NEUTRAL HEIGHT BETWEEN 15. M ANO 10. M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
CM} (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING A ,  IC E  ABSO R PT IO N  0 - 0 0 1 6 0 / M ,  FOG DEPTH 5 0 -  M
0.0 -AA.0 A8.2 0.680
0.5 -A3.0 A8.2 -1.507
1.0 -A2.5 A8.2 -A.265
2.0 -A2.0 A8.A . -3.3,21
5.0 -A1.5 A8.8 -2.9AA
10.0 -A1.0 A9.3 -2.929
15.0 -AO. 5 A9.8 -3.136
20.0 -A0.0 50.A -3.199
30.0 -39.5 51.6 -3.039
AO. 0 -39.0 52.7 -3.308
50.0 -38.0 53.9 -0.L81
75.0 -36.0 5A.1 -0.603
100.0 -3A.0 5A.6 -0.913
138.0 -32.0 55.8 -0.760
210.0 -31.3 57.7 -0.551
283.0 -30.7 59.0 -0.A38
A33.0 -30.0 61.2 -0.329
818.0 -30.0 65.2 -0.26A
1225.0 -30.0 68.5 -0.267
1657.0 -30.0 71.7 -0.313
2117.C -30.0 75.6 -0.A03
2608.0 -30.0 80.5 -0.A03
3692.0 -35.3 90.A -0.A28
A9A8.0 -Al.A 100.9 -O.AAA
6A39.0 -A9.0 111.8 -0.520
7310.0 -52.0 118.2 -0.805
8302.0 -55.0 128.1 -0.3A0
19751.0 -55.0 15A.2
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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IC E  FOG
SOUNDING 4 ,  IC E  ABSORPTION  0 .0 0 3 2 0 / M ,  FOG DEPTH 5 0 .  M
HEIGHT 
IM)
0.0
0.5
1.0 
2.0
5.0
10 .0
15.0
2 0 . 0
30.0
40.0
50.0
75.0
100.0
138.0
2 1 0 .0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0
6439.0
7310.0
8302.0
19751.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR)
-44.0 
-43.0 
-42.5 
-42.0 
-41.5 
-41.0 
-40.5 
-40.0 
-39.5 
-39.0 
-38.0 
-36.0 
-34.0 
-32.0 
-31.3 
-30.7 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-35.3 
-41.4 
-49.0 
-52.0 
-55.0 
-55.0 
HEIGHT AT OR ABOVE
43.7
43.7
43.8
44.0
44.6
45.6
46.6
47.7
50.0 
52o2
54.6
54.8
55.3
56.5
58.3
59.6
61.8
65.8
69.0
72.2
76.1
81.0
90.8
101.4
112.3
118.6
128.5
154.6
TOP OF FOG.
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
-1.155 
--3.522 
-6.400 
-5.579 
-5.339 
-5.469 
-5.825 
-6.056 
-6.087 
-6.611 
-0.156 
-0.581 
-0.897 
-0.749 
-0.543 
-0.433 
-0.326 
-0.262 
-0.266 
-0.312 
-0.402 
-0.403 
-0.428 
-0.444 
-0.520 
-0.805 
-0.340
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM! (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 0 6 4 0 / M ,  FOG DEPTH 5 0 .  M
0.0 -44.0 35.7 -3.839
0.5 -43.0 35.8 -6.568
i.o -42.5 35.9 -9.694
2.0 -42.0 36.3 -9.140
5.0 -41.5 37.3 -9.216
10.0 -41.0 39.0 . -9.701
15.0 -40.5 40.8 -10.423
20.0 -40.0 42.7 -11.108
30.0 -39.5 46.8 -11.703
40.0 -39.0 51.1 “12.946
50.0 -38.0 55.9 -0.110
75.0 -36.0 56.0 -0.542
100.0 -34.0 56.5 -0.866
136.0 -32.0 57.6 -0.728
210.0 -31.3 59.4 -0.528
283.0 -30.7 60.7 -0.423
433.0 -30.0 62.8 -0.320
818.0 -30.0 66.7 -0.259
1225.0 -30.0 69.9 -0.264
1657.0 -30.0 73.1 -0.3ill
2117.0 -30.0 76.9 -0.401
2608.0 -30.0 81.8 -0.402
3692.0 -35.3 91.6 -0.428
4948.0 -41.4 102.2 -0.443
6439.0 -49.0 113.1 -0.520
7310.0 -52.0 119.4 -0.805
8302.0 -55.0 129.3 -0.340
19751.0 -55.0 155.4
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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3 o r
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 1 2 8 0 / M ,  FOG DEPTH 5 0 .  M
0.0 -44.0 23.2 -6.265
0.5 -43^0 23.3 -9.723
1.0 -42.5 23.5 -13.346
2 oO -42.0 24.0 -13.348
5.0 -41.5 25.5 -14.119
10.0 -41.0 28.1 -15.417
15.0 -40.5 30.9 -17.017
20.0 -40.0 34.1 -18.913
30.0 -39.5 41.1 -21.199
40.0 -39.0 48.9 -24.662
50.0 -38.0 58.0 -0.032
75.0 -36.0 58.0 -0.477
100.0 -34.0 58.4 -0.816
138.0 -32.0 59.5 -0.693
210.0 -31.3 61.2 -0.504
283.0 -30.7 62.4 -0.407
433.0 -30.0 64.4 -0.311
818.0 -30.0 68.2 -0.254
1225.0 -30.0 71.3 -0.260
1657.0 -30.0 74.5 -0.308
2117.0 -30.0 78.3 -0.399
2608.0 -30.0 83.2 -0.401
3692.0 -35.3 93.0 -0.427
4948.0 -41.4 103.5 -0.443
6439.0 -49.0 114.4 -0.519
7310.0 -52.0 120.7 -0.805
8302.0 -55.0 130.6 -0.340
19751.0 -55.0 156.7
NEUTRAL HEIGHT BETWEEN 40. M AND 30. M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 .0 1 2 8 0 / M ,  FOG DEPTH 5 0 .  M
0.0 -37.5 37.2 -12.885
0.5 -37.5 37.A *12.957
1.0 -37.5 37.6 -13.027
2.0 -37.5 38.1 -13.309
5.0 -37.5 39.6 -13.906
10.0 -37.6 A2.2 -14.693
15.0 -37.6 AA.9 -15.552
20.0 -37.7 47.7 -16.931
30.0 -37.8 54.0 -18.95A
AO. 0 -37.9 60.9 -21.137
50.0 -38.0 68.7 0.532
75.0 -36.0 68.2 -0.091
100.0 -3A.0 68.3 -0.533
138.0 -32.0 69.0 -0.506
210.0 -31.3 70.3 -0.379
283.0 -30.7 71.2 -0.325
A33.0 -30.0 72.8 “0.26A
818.0 -30.0 76.0 -0.227
1225.0 -30.0 78.8 -0.2A2
1657.0 -30.0 81.8 -0.29A
2117.0 -30.0 85.A -0.388
2608.0 -30.0 90.1 -0.394
3692.0 -35.3 99.7 -0.423
A9A8.0 -Al. A 110.1 -O.AjAI
6A39.0 -A9.0 121.0 -0.518
7310.0 -52.0 127.3 ”0.804
8302.0 -55.0 137.2 -0.3A0
19751.0 -55.0 163.3
NEUTRAL HEIGHT AT OR ABOVE TOP OF FOG.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR! LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO R PT IO N  0 . 0 2 5 6 0 / M ,  FOG DEPTH 5 0 .  M
c.o -44.0 7.8 -4.773
0. 5 -43.0 7.9 -9.628
1.0 -42.5 8.0 -14.170
2.0 -42.0 8.6 -15.122
5.0 -41.5 10.3 -17.012
10.0 -41.0 13.4 -19.712
15.0 -40.5 17.1 -23.001
20.0 -40.0 21.3 -27.622
30.0 -39.5 31.5 -34.545
40.0 -39.0 44.3 -45.030
50.0 -38.0 60.8 0.079
75oG -36.0 60.7 -0.386
100.0 -34.0 61.1 -0.745
138.0 -32.0 62.1 -0.645
210.0 -31.3 63.6 -0.4*71
283.0 -30.7 64.8 -0.385
433.0 -30.0 66.7 -0.298
818.0 -30.0 70.3 -0.247
1225.0 -30.0 73.4 -0.255
1657.0 -30.0 76.5 -0.304
2117.0 -30.0 80.2 -0.396
2608.0 -30.0 85.1 -0.399
3692.0 -35.3 94.8 -0.426
4948.0 -41.4 105.3 -0.443
6439.0 -49.0 116.2 -0.519
7310.0 -52.0 122.5 -0.805
8302.0 -55.0 132.4 -0.340
19751.0 -55.0 158.5
NEUTRAL HEIGHT BETWEEN 10. M AND 5.M.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
308
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM! (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 . 0 2 5 6 0 / K ,  FOG DEPTH 5 0 .  M
0.0 -37.5 19.8 -13.840
0.5 -37.5 20.1 ■13.997
1.0 -37.5 20.3 -14.206
2.0 -37.5 20.9 -14.863
5.0 -37.5 22.5 -16.309
10.0 —37.6 25.5 -18.348
15.0 -37.6 28.9 -20.692
20.0 -37.7 32.7 -24.876
30.0 -37.8 41.9 -31.794
40.0 -37.9 53.6 -40.602
50.0 -38.0 68.5 0.522
75.0 -36.0 68.0 -0.099
100.0 -34.0 68.1 -0.539
138.0 -32.0 68.8 -0.510
210.0 -31.3 70.1 -0.3*1
283.0 -30.7 71.0 -0.327
433.0 -30.0 72.6 -0.265
818.0 -30.0 75.9 -0.228
1225.0 -30.0 7R.6 -0.242
1657.0 -30.0 81.6 -0.294
2117.0 -30.0 85.2 -0.388
2608.0 -30.0 90.0 -0.394
3692.0 -35.3 99.6 -0.423
4948.0 -41.4 110.0 -0.441
6439.0 -49.0 120.9 -0.518
7310.C -52.0 127.2 -0.804
8302.0 -55.0 137.1 -0.340
19751.0 -55.0 163.1
NEUTRAL HEIGHT BETWEEN 20. M AND 15.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
IM) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  ICE ABSO RPTION  0 .0 5 1 2 0 / M ,  FOG DEPTH 5 0 .  M
0.0 -44.0 -3.9 3.968
0.5 -43.0 -4.0 -3.435
1.0 -42.5 -4.0 -9.425
2.0 -42.0 -3.6 -11.312
5.0 -41.5 -2.3 -13.568
10.0 -41.0 0.2 -16.881
15.0 -40.5 3.3 -21.628
20.0 -40.0 7.3 -29.774
30.0 -39.5 18.3 -46.193
40.0 -39.0 35.3 -77.189
50.0 -38.0 63.7 0.202
75.0 -36.0 63.5 -0.290
100.0 -34.0 63.8 -0.673
138.0 -32.0 64.7 -0.596
210.0 -31.3 66.1 -0.437
283«> 0 -30.7 67.2 -0.363
433.0 -30.0 69.0 -0.285
818.0 -30.0 72.5 -0.239
1225.0 -30.0 75.4 -0.250
1657.0 -30.0 78.5 -0.300
2117.0 -30.0 82.1 -0.393
2608.0 -30.0 86.9 -0.397
3692.0 -35.3 96.7 -0.425
4948.0 -41.4 107.1 -0.442
6439.0 -49.0 118.0 -0.519
7310.0 -52,0 124.3 -0.804
8302.0 -55.0 134.2 -0.340
19751.0 -55.0 160.3
NEUTRAL HEIGHT BETWEEN 1. N AND O.M.
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HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
*M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 5 1 2 0 / M ,  FOG DEPTH 5 0 .  M
G.O -37.5 5.8 -8.157
Go 5 -37.5 5.9 -8.327
1.0 -37.5 6.1 -8.567
2.0 -37.5 6.4 -9.338
5.0 -37.5 7.4 -11.208
1C.0 -37.6 9.5 -14.204
15.0 -37.6 12.1 -18.133
20.0 -37.7 15.5 “26.570
30.0 -37.8 25.3 -44.005
40.0 -37.9 41.4 ’-72.933
50.0 -38.0 68.2 0.509
75.0 -36.0 67.8 -0.108
100.0 -34.0 67.9 -0.546
138.0 -32.0 68.6 -0.515
210.0 -31.3 69.8 -0.384
283.0 -30.7 70.8 -0.329
433.0 -30.0 72.4 -0.266
818.0 -30.0 75.7 -0.228
1225.0 -30.0 78.5 -0.242
1657.0 -30.0 81.4 -0.295
2117.0 -30.0 85.0 -0.388
2608.0 -30.0 89.8 -0.394
3692.0 -35.3 99.4 -0.423
4948.0 -41.4 109.8 -0.4)41
6439.0 -49.0 120.7 -0.518
7310.0 -52.0 127.0 -0.804
8302.0 -55.0 136.9 -0.340
19751.0 -55.0 163.0
NEUTRAL HEIGHT BETWEEN 5. M AND 2.M.
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3 1 1
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 . 0 0 1 6 0 / M ,  FOG DEPTH 1 0 0 .  M
HEIGHT
CM)
0.0 
Oc 5
1 .0
2 .0  
5.C
10.0
15.0
20.0 
30.C
40.0
50.0
75.0 
1 0 0 . C
138.0
2 1 0 .0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0
6439.0
7310.0
8302.0
19751.0
NEUTRAL
TEMPERATURE 
(DEG C)
FLUX
(CAL/SQ CM/12 HR)
-44.0 
-43.0 
-42.5 
-42.0 
-41.5 
-41.0 
"40.5 
-40.0 
-39.5 
-39.0 
-38.0 
-36.0 
-34.0 
-32.0 
-31.3 
-30.7 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-35.3 
-41.4 
-49.0 
-52.0 
-55.0 
-55.0 
HEIGHT AT OR ABOVE
43.1
43.1
43.1
43.2
43.6
44.1
44.6
45.1
46.3
47.3
48.5
52.0
56.3
57.3
59.0
60.3
62.4
66.3
69.5
72.8
76.6
81.5
91.3 
101.8
112.7
119.1
129.0
155.1
TOP OF FOG.
MEAN HEATING RATE, 
LAYER ABOVE Z 
(DEG C/12 HR)
0.875 
-1.309 
-4.0:71 
-3.126 
"2.752 
-2.744 
-2.955 
-3.018 
-2.a91 
"3.219 
-3.848 
"4.667 
"0.775 
-0.706 
"0.523 
-0.422 
"0.3*21 
-0.260 
"0.265 
"0.311 
"0.4)01 
-0.402 
-0.428 
"0.444 
"0.520 
-0.805 
"0.340
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.
mHEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(M) (DEG C) (CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FOG
SOUNDING 4 ,  IC E  A B SO R PT IO N  0 .0 0 3 2 0 / M ,  FOG DEPTH  IOOo M
0.0 -44.0 34.5 -0.397
0.5 -43.0 34.5 -2.761
1.0 -42.5 34.6 -5.642
2.0 -42.0 34.8 -4.815
5.0 -41.5 35.3 -4.568
10.0 41.0 36.2 -4.694
15.0 -40.5 37.0 -5.043
20.0 -40.0 38.0 -5.260
30.0 -39.5 39.9 -5.304
40.0 -39.0 41.9 -5.868
50.0 -38.0 44.0 -6.968
75.0 -36.0 50.4 -8.456
100.0 -34.0 58.1 -0.723
136.0 -32.0 59.0 -0.673
210.0 -31.3 60,7 -0.500
283.0 -30.7 61.9 -0.407
433.0 -30.0 63.9 -0.312
816.0 -30.0 67.8 -0.255
1225.0 -30.0 70.9 -0.261
1657.0 -30.0 74.1 -0.309
2117.0 -30.0 77.9 -0.399
2608.0 -30.0 82.7 -0.401
3692.0 -35.3 92.6 -0.427
4948.0 -41.4 103.1 -0.443
6439.0 -49.0 114.0 -0.520
7310.0 -52.0 120.3 -0.805
8302.0 -55.0 130.2 -0.340
19751.0 -55.0 156.3
NEUTRAL HEIGHT AT OR ABOVE TOP OF FCG.
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IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 0 3 2 0 / M ,  FOG DEPTH 1 0 0 .  M
HEIGHT
CM)
OcO 
0c5
l.C
2 . 0  
5.0
10.0  
15.C
20.0
30.0
40.0
50.0
75.0
100 .0
138.0
210 .0
283.0
433.0
818.0
1225.0
1657.0
2117.0
2608.0
3692.0
4948.0
6439.0
7310.0
8302.0
19751.0
NEUTRAL
TEMPERATURE 
(DEG C»
FLUX MEAN HEATING RATE,
(CAL/SQ CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
-33.0 
-33.0 
-33.0 
-33.0 
-33.0 
-33.1 
-33.1 
-33.2 
-33.3 
-33.4 
-33.5 
-33.8 
-34.0 
-32.0 
-31.3 
-30.7 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-30.0 
-35.3 
-41.4 
-49.0 
-52.0 
-55.0 
-55.0 
HEIGHT AT OR ABOVE
59.2
59.3
59.4
59.6
60.1
61.1
62.1
63.1
65.1
67.1
69.2
74.6
80.1
79.9
80.5
81.0
82.1
84.7
87.1
89.8
93.2
97.8
107.2
117.5
128.3
134.7
144.5
170.6
TOP OF FOGc
.-5.251 
-5.256 
-5.240 
-5.242 
-5.274 
-5.320 
-5.370 
-5.448 
-5.562 
-5.674 
-5.869 
-6.048 
0.100
>221
>212
>223
>208
-0.197
- 0.221
-0.278
-0.376
-0.386
-0.419
-0.439
-0.517
-0.803
-0.339
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 lA
HEIGHT TEMPERATURE FLUX MEAN HEATING RATE,
(MI (DEG C) (CAL/SO CM/12 HR) LAYER ABOVE Z
(DEG C/12 HR)
IC E  FCG
SOUNDING 4 ,  IC E  ABSORPTIO N  0 .0 0 6 4 0 / M ,  FOG DEPTH 1 0 0 . M
0.0 -44.0 21.2 -1.387
Oc 5 -43.0 21.2 -4.102
1.0 -42.5 21.3 "7.219
2.0 -42.0 21.6 -6.630
5.0 -41.5 22.3 -6.643
10.0 -41.0 23.5 -7.050
15.0 -40.5 24.8 “7.690
20.C -40.0 26.3 -8.248
30.0 -39.5 29.3 -8.696
40.0 -39.0 32.5 -9.814
50.C -38.0 36.1 -12.070
75.0 -36.0 47.2 -15.363
100.0 -34.0 61.2 -0.634
138.0 -32.0 62.0 -0.616
210.0 -31.3 63.5 -0.462
283.0 -30.7 64.6 -0.382
433.0 -30.0 66.5 .-0.298
818.0 -30.0 70.2 -0.247
1225.0 -30.0 73.2 -0.255
1657.0 -30.0 76.3 -0.304
2117.0 -30.0 80.0 -0.396
2608.0 -30.0 84.9 -0.399
3692.0 -35.3 94,7 -0.426
4948.0 -41.4 105.1 -0.443
6439.0 -49.0 116.0 -0.519
7310.0 -52.0 122.4 ■0.805
8302.0 -55.0 132.2 -0.340
19751.0 -55.0 158.3
NEUTRAL HEIGHT BETWEEN 75. M AND 50.M.
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3 1 5
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
I M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 0 6 4 0 / M ,  FOG DEPTH 1 0 0 .  M
0 . 0 - 3 3 . 0 4 3 . 3 - 7 . 6 3 3
0 . 5 - 3 3 . 0 4 3 . 4 - 7 . 6 5 4
1 . 0 - 3 3 . 0 4 3 . 6 - 7 . 6 5 7
2 . 0 - 3 3 . 0 4 3 . 9 - 7 . 7 1 6
5 . 0 - 3 3 . 0 4 4 . 7 - 7 . 8 6 3
1 0 . 0 - 3 3 . 1 4 6 . 2 - 8 . 0 6 0
1 5 . 0 - 3 3 . 1 4 7 . 6 - 8 . 2 6 6
2 0 . 0 - 3 3 . 2 4 9 . 2 - 8 . 5 9 8
3 0 . 0 - 3 3 . 3 5 2 . 3 ■ 9 . 0 7 4
4 0 . 0 - 3 3 . 4 5 5 . 7 - 9 . 5 8 2
5 0 . 0 - 3 3 . 5 5 9 . 2 - 1 0 . 5 6 1
7 5 . 0 - 3 3 . 8 6 8 . 8 • 1 2 . 0 4 7
1 0 0 . 0 - 3 4 . 0 7 9 . 8 0 . 0 9 1
1 3 8 . 0 - 3 2 . 0 7 9 . 7 - 0 . 2 2 6
2 1 0 . 0 - 3 1 . 3 8 0 . 2 - 0 . 2 1 6
2 8 3 * 0 - 3 0 . 7 8 0 . 7 - 0 . 2 2 5
4 3 3 . 0 - 3 0 . 0 8 1 . 9 - 0 . 2 1 0
8 1 8 . 0 - 3 0 . 0 8 4 . 4 - 0 . 1 9 8
1 2 2 5 . C - 3 0 . 0 8 6 . 8 • 0 . 2 2 1
1 6 5 7 . 0 - 3 0 . 0 8 9 . 6 - 0 . 2 7 9
2 1 1 7 . 0 - 3 0 . 0 9 3 . 0 - 0 . 3 7 6
2 6 0 8 . 0 - 3 0 . 0 9 7  = 6 - 0 . 3 8 6
3 6 9 2 . 0 - 3 5 . 3 1 0 7 . 0 - 0 . 4 1 9
4 9 4 8 . 0 - 4 1 . 4 1 1 7 . 3 - 0 . 4 3 9
6 4 3 9 . 0 - 4 9 . 0 1 2 8 . 1 - 0 . 5 1 7
7 3 1 0 . 0 - 5 2 . 0 1 3 4 . 5 - 0 . 8 0 3
8 3 0 2 . 0 - 5 5 . 0 1 4 4 . 3 - 0 . 3 3 9
1 9 7 5 1 . 0 - 5 5 . 0 1 7 0 . 4
N E U T R A L H E I G H T  A T  O R A B O V E  T O P  O F  F O G .
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H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
(M) I D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 .0 1 2 8 0 / M ,  FOG DEPTH 1 0 0 .  M
0 . 0 - 4 4 . 0 5 . 0 - 0 . 0 7 1
0 . 5 - 4 3 . 0 5 . 0 - 3 . 4 7 5
1 . 0 - 4 2 . 5 5 . 1 . - 7 . 0 3 7
2 . 0 - 4 2 . 0 5 . 4 - 6 . 8 6 5
5 . 0 - 4 1 . 5 6 . 1 - 7 . 2 9 2
1 0 . 0 - 4 1 . 0 7 . 5 - 8 . 1 4 0
1 5 . 0 - 4 0 . 5 9 . 0 . - 9 . 2 5 7
2 0 . 0 - 4 0 . 0 1 0 . 7 - 1 0 . 3 7 5
3 0 . 0 - 3 9 . 5 1 4 . 5 - 1 1 . 5 4 0
4 0 . 0 - 3 9 . 0 1 8 . 8 - 1 3 . 7 6 7
5 0 . 0 - 3 8 . 0 2 3 . 8 - 1 8 . 6 7 5
7 5 . 0 - 3 6 . 0 4 0 . 9 • 2 7 . 0 1 1
1 0 0 . 0 - 3 4 . 0 6 5 . 5 - 0 . 5 , 0 1
1 3 8 . 0 - 3 2 . 0 6 6 . 2 - 0 . 5 3 4
2 1 0 . 0 - 3 1 . 3 6 7 . 5 - 0 . 4 0 7
2 8 3 . 0 - 3 0 . 7 6 8 . 5 - 0 . 3 4 6
4 3 3 . 0 - 3 0 . 0 7 0 . 2 - 0 . 2 7 7
8 1 8 . 0 - 3 0 . 0 7 3 . 6 - 0 . 2 3 5
1 2 2 5 . 0 - 3 0 . 0 7 6 . 5 - 0 . 2 4 7
1 6 5 7 . 0 - 3 0 . 0 7 9 . 5 - 0 . 2 9 8
2 1 1 7 . 0 - 3 0 . 0 8 3 . 2 - 0 . 3 9 1
2 6 0 8 . 0 - 3 0 . 0 8 7 . 9 - 0 . 3 9 6
3 6 9 2 . 0 - 3 5 . 3 9 7 . 6 - 0 . 4 2 4
4 9 4 8 . 0 - 4 1 . 4 1 0 8 . 1 - 0 . 4 4 2
6 4 3 9 . 0 - 4 9 . 0 1 1 8 . 9 - 0 . 5 1 9
7 3 1 0 . 0 - 5 2 . 0 1 2 5 . 3 - 0 . 8 0 4
8 3 0 2 . 0 - 5 5 . 0 1 3 5 . 2 - 0 . 3 4 0
1 9 7 5 1 . 0 - 5 5 . 0 1 6 1 . 2
N E U T R A L H E I G H T  B E T W E E N 1 0 .  M  A N D 5 . M .
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H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
CM )  ( D E G  C )  C C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( O E G  C / 1 2  H R )
IC E  FOG
SOUNDING 4 ,  IC E  ABSO R PT IO N  0 .0 1 2 8 0 / M ,  FOG DEPTH  lO O o M
O c O - 3 3 . 0 2 3 . 3 - 8 . 2 1 6
0 . 5 “ 3 3 . 0 2 3 . 5 - 8 . 2 5 8
I c O - 3 3 . 0 2 3 . 6 - 8 . 2 9 7
2 e 0 - 3 3 . 0 2 3 . 9 - 8 . 4 5 4
5 . 0 - 3 3 . 0 2 4 . 8 - 8 . 8 1 0
l O o C - 3 3 . 1 2 6 . 5 - 9 . 2 9 3
1 5 c  0 - 3 3 . 1 2 8 . 2 - 9 . 8 1 6
2 0 c 0 - 3 3 . 2 3 0 . 0 - 1 0 . 6 ) 9 1
3 0 c  0 - 3 3 . 3 3 3 . 9 - 1 2 . 0 1 3
4 0 . 0 - 3 3 . 4 3 8 . 3 - 1 3 . 5 2 7
5 0 . 0 - 3 3 . 5 4 3 . 3 - 1 6 . 7 8 7
7 5 c 0 - 3 3 . 8 5 8 . 6 - 2 2 . 7 5 4
1 0 0 . 0 - 3 4 . 0 7 9 . 3 0 . 0 7 7
1 3 8 . 0 - 3 2 . 0 7 9 . 2 - 0 . 2 3 5
2 1 0 . 0 - 3 1 . 3 7 9 . 8 - 0 . 2 2 1
2 8 3 . 0 - 3 0 . 7 8 0 . 4 - 0 . 2 2 9
4 3 3 . 0 - 3 0 . 0 8 1 . 5 - 0 . 2 1 2
8 1 8 . 0 - 3 0 . 0 8 4 . 1 - 0 . 1 9 9
1 2 2 5 . 0 - 3 0 . 0 8 6 . 5 - 0 . 2 2 2
1 6 5 7 . 0 - 3 0 . 0 8 9 . 2 - 0 . 2 7 9
2 1 1 7 . 0 - 3 0 . 0 9 2 . 7 - 0 . 3 7 6
2 6 0 8 . C - 3 0 . 0 9 7 . 3 - 0 . 3 8 7
3 6 9 2 . 0 - 3 5 . 3 1 0 6 . 7 - 0 . 4 1 9
4 9 4 8 . 0 - 4 1 . 4 1 1 7 . 0 - 0 . 4 3 9
6 4 3 9 . 0 - 4 9 . 0 1 2 7 . 8 - 0 . 5 1 7
7 3 1 0 . C - 5 2 . 0 1 3 4 . 2 - 0 . 8 0 3
8 3 0 2 . 0 - 5 5 . 0 1 4 4 . 0 - 0 . 3 3 9
1 9 7 5 1 . 0 - 5 5 . 0 1 7 0 . 1
N E U T R A L H E I G H T  B E T W E E N 4 0 .  M  A N D 3 0 . M.
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H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
IC E  FCG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 2 5 6 0 / M ,  FOG DEPTH 1 0 0 . M
0 . 0 - 4 4 . 0 - 6 . 7 5 . 2 0 3
0 . 5 - 4 3 . 0 - 6 . 8 0 . 4 9 5
1 . 0 - 4 2 . 5 “ 6 . 8 - 3 . 8 4 0
2 . 0 - 4 2 . 0 - 6 . 7 - 4 . 2 3 3
5 . 0 - 4 1 . 5 - 6 . 2 - 4 . 9 3 3
1 0 . 0 - 4 1 . 0 - 5 . 3 - 5 . 9 7 6
1 5 . 0 - 4 0 . 5 “ 4 . 2 - 7 . 3 7 9
2 0 . 0 - 4 0 . 0 - 2 . 8 - 8 . 6 5 7
3 0 .  0 - 3 9 . 5 0 . 4 - 1 0 . 0 8 9
4 0 . 0 - 3 9 . 0 4 . 1 - 1 3 . 5 3 5
5 0 . 0 - 3 8 . 0 9 . 0 - 2 2 . 9 2 2
7 5 . 0 - 3 6 . 0 3 0 . 0 - 4 4 . 2 6 1
1 0 0 . 0 - 3 4 . 0 7 0 . 3 - 0 . 3 4 2
1 3 8 . 0 - 3 2 . 0 7 0 . 8 - 0 . 4 3 9
2 1 0 . 0 - 3 1 . 3 7 1 . 9 - 0 . 3 4 5
2 8 3 . 0 - 3 0 . 7 7 2 . 7 - 0 . 3 0 6
4 3 3 . 0 - 3 0 . 0 7 4 . 2 - 0 . 2 5 4
8 1 8 . 0 - 3 0 . 0 7 7 . 3 - 0 . 2 2 2
1 2 2 5 . 0 - 3 0 . 0 8 0 . 1 - 0 . 2 3 8
1 6 5 7 . 0 - 3 0 . 0 8 3 . 0 - 0 . 2 9 1
2 1 1 7 . 0 - 3 0 . 0 8 6 . 5 - 0 . 3 8 6
2 6 0 8 . 0 - 3 0 . 0 9 1 . 3 - 0 . 3 9 3
3 6 9 2 . 0 - 3 5 . 3 1 0 0 . 9 - 0 . 4 2 3
4 9 4 8 . 0 - 4 1 . 4 1 1 1 . 3 - 0 . 4 4 1
6 4 3 9 . 0 - 4 9 . 0 1 2 2 . 1 - 0 . 5 1 8
7 3 1 0 . C - 5 2 . 0 1 2 8 . 5 - 0 . 8 0 4
8 3 0 2 . 0 - 5 5 . 0 1 3 8 . 3 - 0 . 3 4 0
1 9 7 5 1 . 0 - 5 5 . 0 1 6 4 . 4
N E U T R A L H E I G H T  B E T W E E N 1. M  A N D O . M .
i
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H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
(M) ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
(DEG C/12 HR)
IC E  FCG
SOUNDING 4 ,  IC E  ABSO RPTIO N  0 .0 2 5 6 0 / M ,  FOG DEPTH 1 0 0 .  M
0 . 0 - 3 3 . 0 7 . 0 - 5 . 0 0 3
0 . 5 - 3 3 . 0 7 . 1 ” 5 . 0 4 5
1 . 0 - 3 3 . 0 7 . 2 ” 5 . 0 8 6
2 . C - 3 3 . 0 7 . 4 ” 5 . 2 5 7
5 . 0 - 3 3 . 0 8 . 0 - 5 . 6 6 7
1 0 . 0 - 3 3 . 1 9 . 0 - 6 . 2 6 8
1 5 . 0 - 3 3 . 1 1 0 . 2 • 6 . 9 7 5
2 0 . 0 - 3 3 . 2 1 1 . 5 - 8 . 2 8 4
3 0 . 0 - 3 3 . 3 1 4 . 5 - 1 0 . 5 0 9
4 0 . 0 - 3 3 . 4 1 8 . 4 • 1 3 . 4 2 3
5 0 . 0 - 3 3 . 5 2 3 . 3 ” 2 1 . 1 2 5
7 5 . 0 - 3 3 . 8 4 2 . 6 ” 3 9 . 7 7 5
1 0 0 . 0 - 3 4 . 0 7 8 . 8 0 . 0 5 8
1 3 8 . 0 - 3 2 . 0 7 8 . 7 “ 0 . 2 4 6
2 1 0 . 0 - 3 1 . 3 7 9 . 3 ” 0 . 2 2 8
2 8 3 . 0 - 3 0 . 7 7 9 . 9 ” 0 . 2 3 3
4 3 3 . 0 - 3 0 . 0 8 1 . 1 - 0 . 2 1 4
8 1 8 . 0 - 3 0 . 0 8 3 . 7 - 0 . 2 0 0
1 2 2 5 . C - 3 0 . 0 8 6 . 1 • 0 . 2 2 3
1 6 5 7 . 0 - 3 0 . 0 8 8 . 9 ” 0 . 2 8 0
2 1 1 7 . 0 - 3 0 . 0 9 2 . 3 - 0 . 3 7 7
2 6 0 8 . 0 - 3 0 . 0 9 6 . 9 - 0 . 3 8 7
3 6 9 2 . C - 3 5 . 3 1 0 6 . 4 ” 0 . 4 1 9
4 9 4 8 . 0 - 4 1 . 4 1 1 6 . 7 - 0 . 4 3 9
6 4 3 9 . 0 - 4 9 . 0 1 2 7 . 5 - 0 . 5 1 7
7 3 1 0 . 0 - 5 2 . 0 1 3 3 . 8 - 0 . 8 0 3
8 3 0 2 . 0 - 5 5 . 0 1 4 3 . 7 “ 0 . 3 3 9
1 9 7 5 1 . 0 - 5 5 . 0 1 6 9 . 7
N E U T R A L H E I G H T  B E T W E E N 1 0 .  M  A N D 5 . M.
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3 1 . 0
H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
(M )  ( D E G  C )  ( C A L / S Q  C M / 1 2  H R )  L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R )
IC E  FOG
SOUNDING 4 ,  IC E  ABSO RPT IO N  0 .0 5 1 2 0 / M ,  FOG DEPTH lOOo M
0 . 0 - 4 4 . 0 -9.0 1 1 . 0 2 0
O o  5 - 4 3 . 0 -9.2 3 . 8 1 4
l o O - 4 2 . 5 - 9 . 3 - 1 . 8 8 4
2 . 0 - 4 2 . 0 -9 . 2 - 2 . 9 4 0
5 . 0 - 4 1 . 5 •8.9 - 3 . 2 6 5
1 0 . 0 - 4 1 . 0 - 8 . 3 - 3 . 5 6 2
1 5 . 0 - 4 0 . 5 - 7 . 6 - 4 . 4 0 9
2 0 . 0 - 4 0 . 0 • 6 . 8 - 4 . 2 8 5
3 0 . 0 - 3 9 . 5 - 5 . 2 - 3 . 6 9 7
4 0 . 0 - 3 9 . 0 -3. 9 - 6 . 4 0 1
5 0 . 0 - 3 8 . 0 - 1 . 5 • 1 8 . 1 2 8
7 5 . 0 - 3 6 . 0 1 5 . 1 6 4 . 7 5 2
1 0 0 . 0 - 3 4 . 0 7 4 . 0 - 0 . 1 9 5
1 3 8 . 0 - 3 2 . 0 7 4 . 3 - 0 . 3 6 1
2 1 0 . 0 - 3 1 . 3 7 5 . 2 - 0 . 2 9 6
2 8 3 . 0 - 3 0 . 7 7 5 . 9 - 0 . 2 7 5
4 3 3 . 0 - 3 0 . 0 7 7 . 3 - 0 . 2 3 7
8 1 8 . 0 - 3 0 . 0 8 0 . 2 - 0 . 2 1 2
1 2 2 5 . 0 - 3 0 . 0 8 2 . 8 - 0 . 2 3 2
1 6 5 7 . 0 - 3 0 . 0 8 5 . 6 - 0 . 2 8 6
2 1 1 7 . 0 - 3 0 . 0 8 9 . 1 - 0 . 3 8 2
2 6 0 8 . 0 - 3 0 . 0 9 3 . 8 - 0 . 3 9 0
3 6 9 2 . 0 - 3 5 . 3 1 0 3 . 3 - 0 . 4 2 1
4 9 4 8 . C - 4 1 . 4 1 1 3 . 7 - 0 . 4 4 0
6 4 3 9 . 0 - 4 9 . 0 1 2 4 . 5 - 0 . 5 1 8
7 3 1 0 . 0 - 5 2 . 0 1 3 0 . 8 - 0 . 8 0 3
8 3 0 2 . C - 5 5 . 0 1 4 0 . 7 - 0 . 3 4 0
1 9 7 5 1 . 0 - 5 5 . 0 1 6 6 . 8
N E U T R A L  H E I G H T  B E T W E E N  Io M  A N D  O . M .
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H E I G H T  T E M P E R A T U R E  F L U X  M E A N  H E A T I N G  R A T E ,
( M )  { D E G  C )  ( C A L / S Q  C M / 1 2  H R 5 L A Y E R  A B O V E  Z
( D E G  C / 1 2  H R  I
IC E  FOG
SO U N D IN G  4* IC E  A B S O R P T IO N  G . 0 5 1 2 0 / M ,  FO G  D E PT H  lO O o  M
O c O - 3 3 . 0 1 . 0 - 1 . 4 7 5
0 . 5 - 3 3 . 0 1 . 0 - 1 . 4 7 0
l o O - 3 3 . 0 1 . 1 - 1 . 4 3 8
2 o 0 - 3 3 . 0 1 . 1 - 1 . 4 2 5
5 . 0 - 3 3 . 0 1 . 3 - 1 . 4 6 8
1 0 . 0 - 3 3 . 1 1 . 5 - 1 . 6 1 6
1 5 . 0 - 3 3 . 1 1 . 8 - 1 . 8 7 2
2 0 . 0 - 3 3 . 2 2 . 2 - 2 . 5 3 4
3 0 . 0 - 3 3 . 3 3 . 1 • 4 . 0 2 6
4 0 . 0 - 3 3 . 4 4 . 6 - 6 . 5 - 9 1
5 0 . 0 - 3 3 . 5 7 . 0 - 1 7 . 0 4 5
7 5 . 0 - 3 3 . 8 2 2 . 6 - 6 1 . 2 6 0
1 0 0 . 0 - 3 4 . 0 7 8 . 4 0 . 0 4 0
1 3 8 . 0 - 3 2 . 0 7 8 . 3 - 0 . 2 5 5
2 1 0 . 0 - 3 1 . 3 7 8 . 9 - 0 . 2 3 4
2 8 3 . 0 - 3 0 . 7 7 9 . 5 - 0 . 2 3 7
4 3 3 . 0 - 3 0 . 0 8 0 . 7 - 0 . 2 1 6
8 1 8 . 0 - 3 0 . 0 8 3 . 3 - 0 . 2 ) 0 1
1 2 2 5 . 0 - 3 0 . 0 8 5 . 8 - 0 . 2 2 4
1 6 5 7 . 0 - 3 0 . 0 8 8 . 5 - 0 . 2 8 0
2 1 1 7 . 0 - 3 0 . 0 9 2 . 0 - 0 . 3 7 7
2 6 0 8 . 0 - 3 0 . 0 9 6 . 6 - 0 . 3 8 7
3 6 9 2 . 0 - 3 5 . 3 1 0 6 . 1 - 0 . 4 2 0
4 9 4 8 . 0 - 4 1 . 4 1 1 6 . 4 - 0 . 4 3 9
6 4 3 9 . 0 - 4 9 . 0 1 2 7 . 2 - 0 . 5 1 7
7 3 1 0 . 0 - 5 2 . 0 1 3 3 . 5 - 0 . 8 0 3
8 3 0 2 . 0 - 5 5 . 0 1 4 3 . 4 - 0 . 3 3 9
1 9 7 5 1 . 0 - 5 5 . 0 1 6 9 . 4
N E U T R A L H E I G H T  B E T W E E N 1 .  M  A N D l . M .
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CHAPTER VI 
DISCUSSION AND CONCLUSIONS
In the course of the computations, it became apparent that the 
values of the net fluxes even without fog computed by the two programs 
differed more than could be accounted for by the different order of 
integration in the computations. This led to a reexamination of the 
Elsasser tables, described in Section A. Section B deals with the 
results for ice crystals, and includes a reexamination of the temper­
ature gradient between crystal and air, first examined by Gotaas and 
Benson (1965). The cooling rates for ice fog as computed for scattering 
and non-scattering gray crystals are considered in Section C. Section 
D discusses some of the possible effects on the local climate and 
air pollution potential of the type of cooling rates observed.
A. The Elsasser Chart
If both the gray-crystal program and the scattering program are run
on the same sounding for the case in which there are no ice crystals or
fog, the results should be nearly the same for both programs. The flux
at ground level was computed in this way for the composite terminal
-2 -1ice fog sounding. The calculated fluxes were 94.3 cal cm (12 hr)
-2 -1
using the gray formula and 27.2 cal cm (12 hr) using the scattering
formula. Results in the black case were confirmed by hand calculation
using Elsasser’s values of R. (Note that the reference throughout this
section is Elsasser and Culbertson, 1960.)
-2  -1Physically, a net flux of 90 cal cm (12 hr) at a ground temper­
ature of -506C is extremely unrealistic. Measured net flux values
322
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during ice fog but above the fog layer indicate that the incoming 
and outgoing fluxes should nearly balance at this temperature; the 
rarity of temperatures lower than -50°C in the Fairbanks area leads 
to the same conclusion. Furthermore, examination of fluxes for 
individual wave numbers in the scattering formula confirms that the net 
flux is essentially outgoing blackbody radiation in the window regions 
and incoming radiation in the centers of the water vapor and carbon 
dioxide bands, as would be expected.
There are only three differences between the two formulas for this 
particular case. One results from using generalized transmissivities 
for -40°C in the scattering formula; Elsasser allowed for the temper­
ature variation in the generalized absorption coefficient by setting
. T0-T 2 T0
log L = log Lo - a' — —  (v-v0) + log y ~, a is a constant. Since
the temperature variation in our soundings was only about + 15°C, our 
neglect of this factor should not cause serious error, except possibly 
in the strong inversions near the ground. A second difference results 
from neglecting Elsasser's band area correction, which is especially 
important.at small path lengths. This would be very difficult to do 
in the scattering formula.
The third point of difference is that Elsasser only computed the 
AR's for the CC^-l^O overlap region for a T of +20°C. Our application 
of these results to soundings with temperatures of the order of -40°C is 
a very crude approximation. This is especially true since in an ice fog 
sounding CO2 may contribute a sizeable fraction of the total downward 
flux.
The Elsasser formulation should give better results than the 
scattering formula for the no-ice case, except possibly in the COj band.
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Ihe ideal solution would probably include both the bandwidth correction 
and the temperature correction for the generalized absorption coeffic­
ient in the scattering formula, together with a recomputation of R 
(page 70) for the CO2 region in the gray formula. We hope to carry 
out these computations in the near future. For the present discussion, 
the Elsasser R's were recomputed using the same optical constants for 
water vapor and carbon dioxide as were used in the scattering formula. 
The COj band was handled by omitting the wave numbers from 540 to 
900 cm"^ in computing RO^O), and calculating R(C02) =
900
(1-t(C02)t(H20)) dv . The temperature variation of was
540
handled by fitting a second order Taylor series to Elsasser's R(C02> 
over a 20°C range both above and below -40°C. This gave R^ q (T) =
RC02 I1 + .01KT+40)] for log v < 0, and R (T) = RCo2[l+.012(T+40) +
.00001(T+40)^] for log v > 0. Table VI-1 shows the values of R(II20) 
actually used in the program. Table VI-2 gives our recomputed R(C02)'s, 
which, for small values of u, may be compared with Elsasser's 
R(C02)'s for T = -40°C, The values of
-60 -60
f
R(II20) dT and R(C02)dT, given in Tables VI-3 and VI-4,
-273 -273
are not directly comparable with any of Elsasser's tabulated functions. 
The program used for the recomputation was given in Chapter V, Section A, 
Flux and cooling rate values from the gray formula with the original 
and recomputed R's are given for the terminal ice fog sounding with
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
T A B L E  V I-  1
R J H 2 0 )
T - 6 0 •50 - 4 0 - 3 0 - 2 0 • 1 0
L O G  U
- 5 . 0 0 . 0 5 0 0 . 0 5 4 0 . 0 5 8 0 . 0 6 3 0 . 0 6 9 0 . 0 7 6
- 4 . 7 0 . 0 7 6 0 . 0 8 2 0 . 0 8 9 0 . 0 9 7 0 . 1 0 7 0 . 1 1 8
- 4 . 3 0 . 1 2 7 0 . 1 3 7 0 . 1 4 9 0 . 1 6 4 0 . 1 8 1 0 . 2 0 1
- 4 . 0 0 . 1 8 1 0 . 1 9 6 0 . 2 1 3 0 . 2 3 4 0 . 2 5 9 0 . 2 8 8
- 3 . 7 0 . 2 5 1 0 . 2 7 1 0 . 2 9 6 0 . 3 2 6 0 . 3 6 0 0 . 4 0 1
- 3 . 3 0 . 3 7 3 0 . 4 0 5 0 . 4 4 3 0 . 4 8 8 0 . 5 4 1 0 . 6 0 2
- 3 . 0 0 . 4 8 7 0 . 5 3 0 0 . 5 8 1 0 . 6 4 1 0 . 7 1 2 0 . 7 9 4
- * 2 . 7 0 . 6 1 8 0 . 6 7 4 0 . 7 4 0 0 . 8 1 8 0 . 9 1 0 1 . 0 1 7
- 2 . 3 0 . 8 0 9 0 . 8 8 5 0 . 9 7 5 1 . 0 8 1 1 . 2 0 6 1 . 3 5 1
- 2 . 0 0 . 9 5 6 1 . 0 4 8 1 . 1 5 8 1 . 2 8 7 1 . 4 3 7 1 . 6 1 2
- 1 . 7 1 . 1 0 1 1 . 2 1 0 1 . 3 3 9 1 . 4 9 0 1 . 6 6 7 1 . 8 7 2
- 1 . 3 1 . 2 8 7 1 . 4 1 8 1 . 5 7 2 1 . 7 - 5 1 1 . 9 6 0 2 . 2 0 2
- 1 . 0 1 . 4 1 7 1 . 5 6 3 1 . 7 3 4 1 . 9 3 2 2 . 1 6 3 2 . 4 2 8
- 0 . 7 1 . 5 3 6 1 . 6 9 6 1 . 8 8 2 2 . 0 9 7 2 . 3 4 7 2 . 6 3 3
- 0 . 3 1 . 6 7 2 1 . 8 4 9 2 . 0 5 3 2 . 2 8 9 2 . 5 6 2 2 . 8 7 3
0 . 0 1 . 7 5 5 1 . 9 4 3 2 . 1 6 0 2 . 4 1 0 2 . 6 9 7 3 . 0 2 6
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T A B L E  V I -  2
■J
R C C 0 2 )
L O G  V • 3 . 3
■ 1 . 0
1 . 3
- 3 . 0
- 0 . 7
1 . 7
- 2 . 7
- 0 . 3
2 . 0
- 2 . 3
0 . 0
2 . 3
- 2 . 0
0 . 3
2 . 7
- 1 . 7
0 . 7
3 . 0
- 1 . 3
1 . 0
L O G  U  
- 5 . 0 0 . 0 5 2
0 . 3 4 0
0 . 9 2 7
0 . 0 6 9
0 . 4 1 2
1 . 0 1 7
0 . 0 9 0
0 . 5 1 8
1 . 0 8 1
0 . 1 2 6
0 . 6 0 0
1 . 1 4 4
0 . 1 6 1
0 . 6 8 1
1 . 2 2 9
0 . 2 0 4
0 . 7 8 4
1 . 2 9 0
0 . 2 7 5
0 . 8 5 7
i a -'
J
C .  0 5 2  
0 . 3 4 0  
0 . 9 2 7
0 . 0 6 9
0 . 4 1 2
1 . 0 1 7
0 . 0 9 0
0 . 5 1 8
1 . 0 8 1
0 . 1 2 6
0 . 6 0 0
1 . 1 4 4
0 . 1 6 1
0 . 6 8 1
1 . 2 2 9
0 . 2 0 4
0 . 7 8 4
1 . 2 9 0
0 . 2 7 5
0 . 8 5 7
- 4 . 3 0 . 0 5 2
0 . 3 4 0
0 . 9 2 7
0 . 0 6 9
0 . 4 1 2
1 . 0 1 7
0 . 0 9 0
0 . 5 1 8
1 . 0 8 1
0 . 1 2 6
0 . 6 0 0
1 . 1 4 4
0 . 1 6 1
0 . 6 8 1
1 . 2 2 9
0 . 2 0 4
0 . 7 8 4
1 . 2 9 0
0 . 2 7 5
0 . 8 5 7
- 4 . 0 0 . 0 5 2
0 . 3 4 0
0 . 9 2 7
0 . 0 6 9
0 . 4 1 2
1 . 0 1 7
0 . 0 9 0
0 . 5 1 8
1 . 0 8 1
0 . 1 2 6
0 . 6 0 0
1 . 1 4 4
0 . L 6 1
0 . 6 8 1
1 . 2 2 9
0 . 2 0 4
0 . 7 8 4
1 . 2 9 0
0 . 2 7 5
0 . 8 5 7
- 3 . 7 0 . 0 5 2
0 . 3 4 0
0 . 9 2 7
0 . 0 6 9
0 . 4 1 2
1 . 0 1 7
0 . 0 9 0
0 . 5 1 8
1 . 0 8 1
0 . 1 2 6
0 . 6 0 0
1 . 1 4 4
0 . 1 6 1
0 . 6 8 1
1 . 2 2 9
0 . 2 0 4
0 . 7 8 4
1 . 2 9 0
0 . 2 7 5
0 . 8 5 7
- 3 . 3 0 . 0 5 2
0 . 3 4 0
C . 9 2 7
0 . 0 6 9
0 . 4 1 2
1 . 0 1 7
0 . 0 9 0
0 . 5 1 8
1 . 0 8 1
0 . 1 2 6
0 . 6 0 0
1 . 1 4 4
0 . 1 6 1  
0 . 6 8 1  
1 . 2 2 9
0 . 2 0 4
0 . 7 8 4
1 . 2 9 0
0 . 2 7 5
0 . 8 5 7
- 3 . 0 0 . 0 5 3
0 . 3 4 0
0 . 9 2 8
0 . 0 7 0
0 . 4 1 3
1 . 0 1 8
0 . 0 9 0
0 . 5 1 9
1 . Q 8 1
0 . 1 2 7
0 . 6 0 1
1 . 1 4 4
0 . 1 6 2
0 . 6 8 2
1 . 2 3 0
0 . 2 0 5
0 . 7 8 5
1 . 2 9 0
0 . 2 7 6
0 . 8 5 8
- 2 . 7 0 . 0 5 5
0 . 3 4 2
0 . 9 2 9
0 . 0 7 2
0 . 4 1 5
1 . 0 1 9
0 . 0 9 2
0 . 5 2 1
1 . 0 8 3
0 . 1 2 9
0 . 6 0 2
1 . 1 4 5
0 . 1 6 4
0 . 6 8 3
1 . 2 3 1
0 . 2 0 7
0 . 7 8 6
1 . 2 9 1
0 . 2 7 8
0 . 8 5 9
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T A B L E  V I - 2 f C C N T l
L O G  V  3 . 3  - 3 . 0  - 2 o  7  - 2 . 3  - 2 . 0  1 . 7
l o O  0 . 7  - 0 ,  3  0 . 0  0 . 3  0 . 7
1 . 3  1 . 7  2 . 0  2 . 3  2 o 7  3 . 0
LOG  U
- 2 . 3 C c  0 6 3  
C .  3 5 0  
0 . 9 3 6
0 . 0 8 0
0 . 4 2 2
1 . 0 2 5
0 . 1 0 0
0 ,  5 2 8
1 .  0 8 9
0 . 1 3 7
0 . 6 1 0
1 . 1 5 1
0 . 1 7 1
0 , 6 9 0
1 . 2 3 6
0 . 2 1 4
0 . 7 9 3
1 . 2 9 6
- 2 . 0 0 . 0 7 4
0 , 3 6 0
0 . 9 4 4
0 . 0 9 0
0 . 4 3 2
1 . 0 3 3
0 . 1 1 1
0 . 5 3 8
1 . 0 9 6
0 . 1 4 7
0 . 6 1 9
1 . 1 5 8
0 . 1 8 2
0 . 7 0 0
1 . 2 4 2
0 . 2 2 5
0 . 8 0 2
1 . 3 0 2
- 1 . 7 0 . 0 8 9
0 . 3 7 4
0 . 9 5 5
0 . 1 0 5
0 . 4 4 6
1 . 0 4 3
0 . 1 2 6
0 ,  5 5 1
1 .  1 0 6
0 . 1 6 2
0 . 6 3 2
1 . 1 6 7
0, 1.97 
Or. 7 1 3  
1 . 2 5 0
0 . 2 4 0
0 . 8 1 4
1 . 3 0 9
- 1 . 3 C o  1 2 0
0 . 4 0 2
0 . 9 7 6
0 . 1 3 6
0 . 4 7 4
1 . 0 6 3
0 . 1 5 6
0 . 5 7 8
1 . 1 2 4
0 . 1 9 2
0 . 6 5 8
1 , 1 8 4
0 . 2 2 7
0 . 7 3 7
1 . 2 6 5
0 . 2 6 9
0 . 8 3 7
1 . 3 2 3
- 1 . 0 0 . 1 5 2
0 . 4 3 2
0 . 9 9 7
0 . 1 6 8
0 . 5 0 2
1 . 0 8 2
0 . 1 8 9
0 . 6 0 4
1 . 1 4 2
0 . 2 2 4
0 . 6 8 3
1 . 2 0 1
0 . 2 5 8
0 . 7 6 1
1 . 2 8 1 .
0 . 3 0 0
0 . 8 6 0
1 . 3 3 7
- 0 . 7 0 . 1 9 6
0 . 4 7 0
1 . 0 2 4
0 . 2 1 2
0 . 5 3 9
1 . 1 0 7
0 . 2 3 2
0 . 6 4 0
1 . 1 6 6
0 . 2 6 7
0 . 7 1 7
1 . 2 2 3
0 . 3 0 0
0 . 7 9 4
1 . 3 0 1
0 . 3 4 1
0 . 8 9 0
1 . 3 5 5
0 . 3 0 . 2 7 7
C . 5 4 0
1 . 0 7 2
0 . 2 9 2
0 . 6 0 7
1 . 1 5 1
0 . 3 1 1
0 . 7 0 3
1 . 2 0 7
0 , 3 4 5
0 . 7 7 8
1 . 2 6 2
0 . 3 7 7
0 , 8 5 1
1 . 3 3 6
0 . 4 1 6
0 . 9 4 4
1 . 3 8 7
o • o 0 . 3 5 7
0 . 6 0 9
1 . 1 1 7
0 . 3 7 1
0 . 6 7 3
1 . 1 9 3
0 . 3 9 0
0 . 7 6 5
1 . 2 4 6
0 . 4 2 1
0 , 8 3 7
1 . 2 9 7
0 . 4 5 2
0 . 9 0 7
1 . 3 6 7
0 . 4 9 0
0 . 9 9 6
1 . 4 1 6
\
1 o 3  
l o O
0 . 2 8 6
0.866
0 . 2 9 6
0 . 8 7 5
0 . 3 1 1
0.886
0 . 3 3 9
0 . 9 0 8
0 . 3 6 9
0 . 9 3 0
0 . 4 0 9
0 . 9 5 9
0 . 4 8 2
1.010
0 . 5 5 3
1 . 0 5 8
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T A B L E  V I  3 
I N T E G R A L  R f 1 1 2 0  ) D T  
L O G  U I N T E G R A L  R  D T
- 5 . 0  5 . 0 0 0
4 . 7  7 . 4 0 4
■■4.3 1 2 . 0 5 8
- 4 . 0  1 6,9.11
3 . 7  2 3 . 1 2 2
- 3 . 3  3 3 . 6 7 5
3 . 0  4 3 . 1 9 5
2 . 7  5 3 , 6 8 2
■2 . 3  6 8 . 1 4 4
■2 . 0  7 8 . 5 7 9
•1 . 7  8 8 . 3 5 6
- 1 . 3  1 0 0 . 2 6 0
1 . 0  1 0 8 . 2 3 3
0 . 7  1 1 5 . 2 7 9
- 0 . 3  1 2 4 . 0 2 2
0 . 0  1 2 7 , 5 1 7
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T A B L E  V I  4
I N T E G R A L  R C C 0 2 )  D T
L O G V - 3 . 3  
- 1 . 0  
1 . 3
• 3 . 0
■ 0 . 7
1 . 7
- 2 . 7  
0 . 3  
2 . 0
• 2 . 3
0 . 0
2 . 3
- 2 - 0
0 . 3
2 . 7
1 . 7
0 . 7
3 . 0
- 1 . 3
1 - 0
L O G  U  
- • 5 . 0 1 . 9 7 5
1 2 . 7 6 2
3 4 . 7 6 2
2 . 6 0 0
1 5 . 4 8 7
3 8 . 1 2 4
3 . 3 7 9
1 9 . 4 5 3
4 0 . 5 0 6
4 . 7 4 0
2 2 . 5 1 4
4 2 . 8 6 9
6 . 0 5 6
2 5 . 5 4 2
4 6 . 0 4 6
7 . 6 7 1
2 9 . 4 0 2
4 8 . 3 1 1
1 0 . 3 5 2
3 2 . 1 3 6
- 4 . 7 1 . 9 7 5  
1 2 c 7 6 2  
3 4 . 7 6 2
2 . 6 0 0
1 5 . 4 8 7
3 8 . 1 2 4
3 . 3 7 9
1 9 . 4 5 3
4 0 . 5 0 6
4 . 7 4 0
2 2 . 5 1 4
4 2 . 8 6 9
6. 0 5 6  
2 5 . 5 4 2  
4 6 . 0 4 6
7 . 6 7 1  
2 9 . 4 0 2  
4 8 . 3 1 1
1 0 . 3 5 2
3 2 . 1 3 6
- 4 . 3 1 . 9 7 5
1 2 . 7 6 2
3 4 . 7 6 2
2 . 6 0 0
1 5 . 4 8 7
3 8 . 1 2 4
3 . 3 7 9  
1 9 . 4 5 3  
4 0 . 5 0 6
4 . 7 4 0  
2 2 , 5 1 4  
4 2 . 8 6 9
6 . 0 5 6  
2 5 ,  5 4 2  
4 6 . 0 4 6
7 . 6 7 1  
2 9 . 4 0 2  
4 8 , 3 1 1
1 0 . 3 5 2
3 2 . 1 3 6
- 4 . 0 1 . 9 7 5
1 2 . 7 6 2
3 4 . 7 6 2
2 . 6 0 0  
1 5 . 4 8 7
3 8 . 1 2 4
3  c 3 7 9  
1 9 . 4 5 3  
4 0 . 5 0 6
4 . 7 4 0
2 2 . 5 1 4
4 2 . 8 6 9
6 . 0 5 6  
2 5 o  5 4 2  
4 6 . 0 4 6
7 . 6 7 1
2 9 . 4 0 2
4 8 . 3 1 1
1 0 . 3 5 2
3 2 . 1 3 6
- 3 . 7 1 . 9 7 5
1 2 . 7 6 2
3 4 . 7 6 2
2 . 6 0 0
1 5 . 4 8 7
3 8 . 1 2 4
3 . 3 7 9
1 9 . 4 5 3
4 0 . 5 0 6
4 . 7 4 0
2 2 . 5 1 4
4 2 . 8 6 9
6. 0 5 6  
2 5 , 5 4 2  
4 6 . C 4 6
7 . 6 7 1
2 9 . 4 0 2
4 8 . 3 1 1
1 0 . 3 5 2
3 2 . 1 3 6
- 3 . 3 1 . 9 7 5
1 2 . 7 6 2
3 4 . 7 6 2
2 . 6 0 C
1 5 . 4 8 7
3 8 . 1 2 4
3 . 3 7 9
1 9 . 4 5 3
4 0 . 5 0 6
4 . 7 4 0
2 2 . 5 1 4
4 2 . 8 6 9
6 . 0 5 6
2 5 . 5 4 2
4 6 . 0 4 6
7 . 6 7 1
2 9 . 4 0 2
4 8 . 3 1 1
1 0 . 3 5 2
3 2 . 1 3 6
- 3 . 0 2 . 0 1 5
1 2 . 7 9 5
3 4 . 7 8 2
2 . 6 3 9
1 5 . 5 1 8
3 8 . 1 4 2
3 . 4 1 8  
1 9 , 4 8 1  
4 0 . 5 2 3
4 . 7 7 8  
2 2 . 5 4 0  
4 2 o  8 8 4
6 . 0 9 3
2 5 . 5 6 6
4 6 . 0 5 9
7 . 7 0 7
2 9 . 4 2 4
4 8 . 3 2 3
1 0 . 3 8 6
3 2 . 1 5 7
- 2 . 7 2 . 1 0 1
1 2 . 8 7 2
3 4 . 8 4 2
2 . 7 2 5
1 5 . 5 9 3
3 8 . 2 0 0
3 . 5 0 3
1 9 . 5 5 3
4 0 . 5 7 8
4 . 8 6 2
2 2 . 6 0 9
4 2 . 9 3 8
6 . 1 7 5
2 5 . 6 3 4
4 6 . 1 0 9
7 . 7 8 8
2 9 . 4 8 9
4 8 . 3 7 0
1 0 . 4 6 5
3 2 . 2 1 9
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T A B L E  V I  - 4  i C C N T )
L O G  V - 3 . 3 - 3 . 0 - 2 . 7 2 . 3 ■ 2 . 0 1 . 7 - 1 . 3
” 1 . 0 • 0 . 7 - 0 . 3 0 . 0 0 . 3 0 . 7 1 . 0
1 . 3 1 . 7 2 . 0 2 . 3 2 . 7 3 . 0
L O G  U
- 2 . 3  2 . 4 6 1  3 . 0 8 4  3 . 8 6 1
1 3 . 2 1 7  1 5 . 9 3 5  1 9 . 8 8 9  
3 5 . 1 4 6  3 8 . 4 9 2  4 0 , 8 6 1
- 2 . 0  2 . 9 3 5  3 . 5 5 7  4 . 3 3 3
1 3 . 6 7 4  1 6 . 3 8 6  2 0 . 3 3 1
3 5 . 5 3 0  3 8 . 8 5 4  4 1 . 2 0 4
- 1 . 7  3 . 6 0 7  4 . 2 2 8  5 . 0 0 1
1 4 . 3 1 1  1 7 . 0 1 3  2 0 . 9 4 1  
3 6 . 0 3 1  3 9 . 3 1 8  4 1 . 6 4 0
- 1 . 3  4 . 9 3 4  5 . 5 4 8  6 . 3 1 5
1 5 . 5 3 4  1 8 . 2 0 7  2 2 . 0 9 1
3 6 . 9 4 6  4 0 . 1 6 8  4 2 . 4 4 0
- 1 . 0  6 . 3 4 5  6 . 9 5 2  7 . 7 0 8
1 6 . 8 0 0  1 9 . 4 3 5  2 3 . 2 6 4  
3 7 . 8 7 6  4 1 . 0 3 2  4 3 . 2 5 5
- 0 . 7  £ . 2 3 8  8 . 8 3 2  9 . 5 7 3
1 8 . 4 7 9  2 1 . 0 6 0  2 4 . 8 1 0  
3 9 . 0 9 2  4 2 . 1 6 3  4 4 . 3 2 2
- 0 . 3  1 1 . 6 9 6  1 2 . 2 6 8  1 2 . 9 8 0
2 1 . 5 3 2  2 4 . 0 C 9  2 7 . 6 0 7  
4 1 . 2 4 8  4 4 . 1 5 8  4 6 . 1 9 9
5 . 2 1 9  6 . 5 3 0  8 . 1 4 1  1 0 . 8 1 4
2 2 . 9 4 1  2 5 . 9 6 0  2 9 . 8 0 7  3 2 . 5 3 0  
4 3 , 2 0 8  4 6 . 3 6 2  4 8 . 6 0 7
5 . 6 8 9  6 . 9 9 8  8 . 6 0 6  1 1 . 2 7 5
2 3 . 3 7 6  2 6 . 3 8 6  3 0 . 2 1 9  3 2 . 9 3 0
4 3 . 5 3 1  4 6 . 6 5 4  4 8 . 8 7 5
6 . 3 5 3  7 . 6 5 8  9 . 2 6 1  1 1 . 9 2 1
2 3 . 9 7 1  2 6 . 9 6 3  3 0 . 7 6 8  3 3 . 4 5 5  
4 3 . 9 3 6  4 7 . 0 1 9  4 9 . 2 0 8
7 . 6 5 4  8 . 9 4 7  1 0 . 5 3 4  1 3 . 1 6 8
2 5 . 0 8 3  2 8 . 0 3 4  3 1 . 7 7 9  3 4 . 4 1 9  
4 4 . 6 8 3  4 7 . 6 9 4  4 9 . 8 2 7
9 . 0 2 9  1 0 . 3 0 4  1 1 . 8 6 9  1 4 . 4 6 7  
2 6 . 2 1 2  2 9 . 1 1 9  3 2 . 8 0 3  3 5 . 3 9 6  
4 5 . 4 4 4  4 8 . 3 8 3  5 0 . 4 6 1
1 0 . 8 6 7  1 2 . 1 1 6  1 3 . 6 4 9  1 6 . 1 9 4  
2 7 . 6 9 7  3 0 . 5 4 2  3 4 . 1 4 3  3 6 . 6 7 5  
4 6 . 4 4 1  4 9 . 2 8 5  5 1 . 2 8 9
1 4 . 2 2 2  1 5 . 4 2 2  1 6 . 8 9 5  1 9 . 3 3 8  
3 0 . 3 7 5  3 3 . 0 9 8  3 6 . 5 3 7  3 8 . 9 5 0  
4 8 . 1 9 0  5 0 . 8 6 3  5 2 . 7 3 4
0 . 0  1 5 . 0 7 4
2 4 . 4 9 4
4 3 . 2 7 2
1 5 . 6 2 2  1 6 , 3 0 4  
2 6 . 8 6 4  3 0 . 3 0 3  
4 6 . 0 1 7  4 7 . 9 3 6
1 7 . 4 9 4  1 8 , 6 4 3
3 2 . 9 4 6  3 5 . 5 4 2  
4 9 . 8 0 2  5 2 , 3 0 8
2 0 . 0 5 4  2 2 . 3 9 3  
3 8 . 8 1 1  4 1 . 0 9 9  
5 4 . 0 5 1
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zero fog in Table VI-5. It is immediately apparent that the cooling 
rates near the ground are drastically changed by slight change in the 
coefficients. This is also true in the presence of fog. The equation 
utilizing Elsasser*s values of R shows strong cooling in the lowest half 
meter of the sounding with a lesser cooling rate or even some heating 
higher up in all cases. Our modified values of R give heating rates 
very near the ground in most cases. It is not clear whether the dif­
ference obtained by using the two sets of R's is due to the neglect 
of corrections for temperature and band area or to the improved CO2 
correction in the modified coefficients. In the former case, the 
original Elsasser values are a better approximation and the rates near 
the ground are probably real. In the latter case the heating rates 
imply that the assumed surface inversion was too strong for radiative 
equilibrium, especially with the Cf^ . Further investigation of this 
problem is planned.
Whatever may be the effects of the change in R on the cooling rate 
near the ground, there are two reasons for choosing the modified values 
in the present context. First, the net fluxes obtained are consider­
ably more realistic than those obtained by the use of the unmodified 
Elsasser coefficients. Second, the modified coefficients for water 
vapor and carbon dioxide are compatible with those used in the scattering 
formula. Therefore, different results obtained by using the two formulas 
may be attributed, with confidence, to the way in which the ice crystals 
are treated. Consequently, all of the values from the gray formula 
in Chapter V were computed using the modified coefficients.
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Comparison of Results frotn Original and Modified
Table VI-5
Elsassar Coefficients 
Sounding 5,no fog Mean Heating Rate
Height Temperature Flux Layer above Z
<M > <°c> cal cm*"(12 hr)-1 °C (12 hr)"1
0.0 -50.0 94.3 -10.954
0.5 -47.0 94.5 4.205
1.0 -45.0 94.5 9.205
2.0 -44.0 94.1 2.875
5.0 -43.5 93.8 2.058
10.0 -43.0 93.4 1.490
15.0 -42.0 93.1 1.501
20.0 -41.0 92.9 0.909
30.0 -40.0 92.5 0.712
40.0 -38.0 92.3 1.051
50.0 -36.0 91.9 1.361
60.0 -34.0 91.4 1.078
80.0 -33.0 90.7 0.790
100.0 -32.0 90.1 1.397
139.0 -30.6 88.3 0.349
213.0 -28.0 87.4 0.119
287.0 -27.6 87.1 -0.016
438.0 -27.0 87.2 -0.091
829.0 -25.3 88.3 -0.199
1246.0 -23.6 90.7 -0.279
1690.0 -22.0 94.1 -0.342
2164.0 -23.3 98.3 -0.294
2667.0 -26.6 102.0 -0.326
3783.0 -28.0 110.0 -0.334
5071.0 -36.0 118.2 -0.345
6588.0 -45.7 126.7 -0.551
8047.0 -55.0 137.5 -0.846
3459.0 -55.0 141.7 -0.231
19908.0 -55.0 159.4
Elsasser Coefficients
Modified Coefficients . _Mean Heating Rate
Flux Layer above Z
cal cm 2(12 hr) *_______°C (12 hr)~*
31.5 5.343
31.4 -1.783
31.5 -2.857
31.6 -3.273
31.9 -0.777
32.1 -0.217
32.1 -0.415
32.2 -0.268
32.3 -0.245
32.4 -0.859
32.7 -1.616
33.2 -1.719
34.4 -1.341
35.4 -1.326
37.2 -1.072
39.8 -0.904
42.0 -0.605
45.0 -0.399
49.9 -0.375
54.5 -0.445
59.9 -0.504
66.1 -0.408
71.1 -0.472
82.8 -0.530
97.0 -0.554
110.6 -0.514
120.7 -0.641
123.9 -0.337
149.7
For 
Comparison, 
the 
scattering 
formula 
gives 
27.2 
at 
z=0 
and 
14.').2 
at 
19908
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1. Cooling Rates at a Given Height
It is immediately apparent from the tabulated data of Chapter V 
that atmospheric radiative cooling due even to the most tenuous crystal 
display considered is an order of magnitude greater than that due to 
radiation from atmospheric gases alone. However, the total outward 
energy loss, from the atmosphere and the underlying snow surface, as 
measured by the net flux at a level above the crystal display, varies 
by only about 10%. The increased radiative cooling rate in the atmosphere 
therefore implies a decreased cooling rate at the snow surface. Quali­
tatively, an increase in cooling aloft coupled with a relative decrease 
in cooling at ground level will lead, after a time, to a lapse rate 
which is less stable than it would have been after the same time inter­
val with the original cooling rates*. Any tendency toward destabili­
zation of the lapse rate near the ground will tend to increase the 
fraction of the energy loss from the surface which is balanced by eddy 
conduction from the air. One effect of a crystal display will then be 
to decrease sharply the energy loss from the snow pack and the ground.
The maximum cooling rate in the soundings considered is at the top 
of the crystal layer even when this is at a temperature minimum. Inside 
the crystal layer, the cooling rate increases roughly exponentially 
with height. This fact, together with the observed strong dominance 
of suspended ice crystals in the cooling process, suggests an approxi­
mate means of obtaining the cooling rate at a given height in the display.
Note that in many cases this may mean that the near-ground air con­
tinues to increase in stability, but less rapidly than otherwise.
B. Ice Crystal Display Results
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Let the crystal-containing layer be isothermal and at the same 
temperature, T, as the snow surface, as is the case in composite 
sounding 3. The upward flux will be constant with height in the isother­
mal layer, while the downward flux will vary with height primarily due 
to the change in number of ice crystals above a variable reference point 
as it moves vertically through the layer. If the variation of the down­
ward flux with atmospheric gases is neglected within the crystal dis­
play and if k is the ice absorption coefficient and zg is the height of 
the top of the display,
F - F ( z  )-(l-e+ — s
and
-k^-z) , _
1 ) (oT -F_(zs)) ( 6- 1 )
-k(zg-z)
d2 - -  <0T4-F_(Ss)>& (6- 2)
Also,
CU^Zg) =
D(oT4-F.(z ) )
*
D
_  Z2'Z1 _ z2“ziA z
T z i z ' (6-3)
where C is the mean cooling rate for the layer from z^  to Z2, taken
from the tables in Chapter V. D is a constant, equal to
-1
[«
8.35 x l(f3(P/T) + Ls ~ (see section IV-F). Substituting
(6-2) in (6-3) gives:
D(oT4-FUs))
rZ2
C(z^,z2)
z2"zl
-k(z-z) D(oT _F )) 
ke dz =
z2"zl
-k(zs-Z2> -k(zrz^
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and if c(z) is the cooling rate at a specific height z, z^>z> z^ ,
-k(zs-z)
T\u ke
from which
c(z) = C(z^ , z2)
) ke~k^ s"Z\z2-zi)
2 e~k ( *s~z2> _e“k(£s'zl)
(6-4)
This expression should be accurate to within a few percent if the 
entire depth of the ice crystal display is isothermal. If there is a 
normal lapse rate within the layer, crystals near the top of the layer 
will radiate less and receive more radiation from below, while those 
near the bottom will radiate more but receive less from ove. The 
magnitude of the cooling rate will be less than given by (6-4) near the 
top of the layer z^  to Z2> and greater near the bottom. If the lapse 
rate is inverted, the situation is reversed. (6-4) now underestimates 
the cooling rate near z^ , and overestimates it near z^ .
2. Comparison with Results from Gotaas and Benson
Gotaas and Benson (1965) give cooling rates at 915 m for sounding 1 
and 1025 m for sounding 2, neglecting interaction between crystals.
Since they included the effects of radiation from water vapor and carbon 
dioxide incident on the crystals, their rates should be similar to those 
we obtain for the top of the crystal layer.
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According to Table V-4, the cooling, .rate for the layer from 6 0 0
to 915 m, with 915 m as the top of the crystal display, is 3 . 7 ° C
(12 hr)’1. The lapse rate to 915 m is normal. From (6-4) we have
c(915) = 3.7 = 5°C(12 hr)”1
The true cooling rate should be slightly less, but still greater than
3.7°C (12 hr)”1.
For sounding 2 we neglected to include a display height of 1025 m,
but for a display with top at 1150 m the cooling rate at 1025 m is
z QQ -.249
c(1025) = 5 428 SaT8 = 5°C (12 hr) 1 
1-e*
and that at 1150 m is 
c(1150) = 6.5°C(12 hr)"1
As the temperature at 1150 m is slightly greater than that at 1025 m, 
the true cooling rate at 1025 m should be somewhere between these values.
The values for ice crystal cooling given by Gotaas and Benson 
(1965) are 3.1°C (12 hr)’1 at 915 m in sounding 1 and 2.5°C (12 hr)’1
at 1025 m for sounding 2. An attempt will be made to explain the dif­
ference between the two sets of calculated cooling rates. The Elsasser 
chart (1942 version) was used by Gotaas and Benson to obtain the upward 
and downward fluxes due to the snow surface and atmospheric gases 
without ice crystals, and the net radiative loss from the crystal was 
then computed by subtracting these incoming fluxes from twice the black 
body flux and multiplying the whole by the area of one face of the 
crystal. A repetition of this procedure, using the 1942 edition of the
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Elsasser chart, led to the same results as were reported by Gotaas and 
Benson for the 14 December sounding, but to twice their results for the 
24 January sounding. Accepting the 14 December cooling rate and 
doubling the one for 24 January gives values which are still low com­
pared to ours. If the 1960 Elsasser coefficients rather than our 
modified values (above) are used the difference is even more pronounced. 
Comparison of the values given on the auxiliary table on the 1942 chart 
with those given by Elsasser and Culbertson (1960) indicate that the 
remaining discrepancy in cooling rates is due to differences In the 
two sets of unmodified Elsasser coefficients.
3. The Heat Flow between the Crystals and the Surrounding Air
Gotaas and Benson (1965) pointed out that the crystals would be 
colder than the ambient air and suggested this as the reason behind the 
measured hunidlties in the crystal layer being less than ice saturation. 
Although the computational method used here does not give the energy 
budget at the crystal surface directly, it is possible to obtain some 
approximate values.
Let the cooling rate at the top of the crystal layer be c, and 
the cooling rate at the same height in the absence of ice crystals be 
c*. We will assume that at all heights within the display the ratio 
of energy loss from the crystals to the total energy loss is given by
i' -k(zg-z ) | 
t f l - e  ; C ’ (6-5)
c C (Js,z1)k(5s-z1)
At any given height, the net energy loss from a column 1 m 
deep by 1 cm^  in area due to crystals will be approximately
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lip = M
F(z2)-F(zp)
V Z1
This much energy must be conducted to the crystals from the air.
dpi -
At the same time, an amount of energy Lg C = EL is being generated 
by the crystals from sublimation onto their surfaces. Using the 
formula
F(z2) - F(zj)
(z2-Zj)
(see Eq. 4-3)
= C 8.35 x l(f3 ? l f  + L,
dpi 
s dT
we have for the net energy floxv to the crystal from the air
E = Ep - El I'»(8.35 x 10 J (^ /T) + U  - Lr 3 /P, \ . is dT J s dT
or E = 11(8.35 x 10"3 (P/T))- (1-M) L
dpi
s dT ( 6- 6 )
dpi
Since 1 - 11 is of the order of .1 or less, and Lg is an
_3
order of magnitude less than 8,35 x 10 (P/T), the term (1-M)
dpi
Ls -jjj- is negligible, and to a good approximation
E = 8.35 x l(f3 (P/T) MC (6-6 *)
By definition k is the total area of the upper surfaces of the 
crystals in a m cm^  volume, so the total conductive surface for plane 
crystals in this volume is 2k. The energy flow per cm* to the crystals 
is then
H
. 8.35 x 10"3 (P/T) MC
= 2k
From Chapter IV, section F2a, the energy flow, H', is given 
by -k'VT, In the immediate vicinity of the crystal, then,
C
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we will have
-3
+ . 8.35 x 10 (P/T) KC „ _V T --------------  (6-7)
If we assume that our crystal is an infinitely thin circular 
plate of uniform temperature and zero heat capacity, it is also 
true that
V2 T * 0
Mathematically this is identical to the problem of the voltage distri­
bution around a thin flat metal plate, charged to such a degree that 
?V is numerically equal to VT , where V is the voltage. Since the 
electric field, f, is equal to -V V, and the field at the surface of 
a flat plate will be that of an infinite charged plane,
? V - - 2i % - 8--35 \ £ 3(r/^  (6-8)
Ze0 2kk
The 2eQ comes from the rationalized MKS system of electromagnetic units.
The total "charge" on a single plate crystal will be .01 ka'/n, where
o , which is analogous to charge per unit area, is taken from equation
3
(6-8) and n is the number of crystals per cm , so 100 n is the number 
2
of particles per cm m. The ratio of this "charge" to the difference 
between the "potentials" (actually temperatures) at the crystal surface 
and at a large distance is simply the capacity, which from Fletcher 
(1962, p.267) is equal to 8eQ a for a circular disc of radius a.
So we have
AT = ■~^£' “ i*0* * i0”1 (P/T) MC / nk’a . oeQan
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• -2 -1 -1
k' is expressed in cal cm (12 hr) °K , and a in p. This equation
gives the temperature difference between the crystal and the air at
a distance large compared to a. As in the electrostatic analogue, the
temperature difference will vary linearly with distance near the plane
surfaces of the crystal and as one over the distance at a distance.
In practice this equation will overestimate the temperature difference,
since much of the heat transfer will actually take place at the edges
of the crystal, making the temperature gradient adjacent to the plane
surfaces less than that assumed above.
In order to put numbers into this equation, we shall use sounding
3 with 23 y crystals and a display height of 600 m, to compute AT for
the upper 200 m and the lowest 25 m. 11 = .99, C = 4.5 and 1.6, and
a * 25. If we assume that the molecular conductivity of the air is
-1 -2
involved in the transfer process, the value of k' is 2.35 cal K cm
(12 hr) Values of P are 933 mb and 998.75 mb, while T «* 245. In
_2
the interval of 400 to 600 m, this gives AT = 3 x 10 °C, while from
0 to 25 m the temperature difference is AT ■ 1.1 x 10” °C.
-V ^
From the assumption VT * -tt- where r is the distance normal to
I**!.
the crystal surface, we can also say that to a first approximation 
Ar ■> 8,5y.
In contrast to the treatment above, Gotaas and Benson (1965) started 
by assuming that the air in contact with the crystal surface was satu­
rated. Next, they assumed that measured values of hunidity less than 
ice saturation were due to the temperature difference between the ice 
crystals and the air. A temperature difference of 2°C is necessary to
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account for relative humidities over ice of about 80%. The blackbody 
radiation to space was used to compute the energy loss from the ice 
crystals, which in turn was used to estimate a Ar of about 200y. Our 
temperature gradient is of the same order of magnitude as theirs, but 
our calculations of the temperature difference from purely thermal 
considerations gives a AT which is so much smaller that it cannot 
possibly account for more than a fraction of a percent of any variation 
of the relative humidity from ice saturation. If the crystals are 
stable or growing, as appears to be the case, these calculations prove 
what most people suspect, namely that the humidity measurements at low 
temperatures are very unreliable.
4. General Conclusions for Ice Crystals and Snow
Several general conclusions can be drawn by comparing all soundings 
with crystal display absorption coefficients equal to .00196. Cooling 
rates near the ground decrease considerably as the total thickness of 
the layer containing crystals increases, but even for display depths 
around 600 m the cooling rates near the ground average an order of 
magnitude greater than in the absence of crystals. The radiative 
cooling in the upper part of the crystal layer exceeds the combined 
radiative and conductive cooling in the lower portion for all displays 
with tops above 600 m. If a lowering of the neutral height may be 
taken to indicate an increasing tendency toward destabilization of 
that portion of the airmass containing suspended crystals, then the 
tendency toward destabilization increases steadily with increasing 
thickness of the crystal display. Inside of a deep crystal layer a 
considerable amount of radiative cooling may take place while a normal
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lapse rate is maintained. If the display has a sharp upper boundary, 
a strong inversion will form at the top of the crystal layer, but if 
the top of the display is diffuse (as may well be the actual case) the 
inversion will be weaker or an isothermal layer may develop.
In sharp contrast to this is the snowflake model. Even a 100 m 
layer of snowflakes is enough to cut the net flux at the snow surface 
to less than a tenth of a percent of its undisturbed value, although 
cooling rates in the air near the snow surface still show some enhance­
ment. For all practical purposes, however, any thicker layer may be 
considered as a black cloud. Once an adiabatic lapse rate develops in 
such a cloud, the radiative heat loss from above will be spread over 
the depth of the cloud by convection.
The display composed of large crystals gives intermediate results, 
with near-ground cooling rates dropping below their undisturbed values 
for display thicknesses between 600 and 1000 ra. It is evident that ice 
crystal fallout must be taken into account, regardless of crystal size, 
in considering radiative cooling, as first pointed out by Wexler (1936) 
and later emphasized by Gotaas and Benson (1965). Furthermore, the 
destabilizing influence of ice crystals on the air mass containing them 
must be considered, as well as the probable formation of an inversion 
at the top of the layer containing crystals.
One final statement should be made about ice crystal displays 
These displays frequently go unreported, and even if they are noted in 
the weather record there is no indication as to their height and density. 
Gotaas and Benson (1965) attributed the cooling at the start of ice fog 
events to ice crystal displays, but Bowling et al. (1968) pointed out
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that advection of cold air was generally more than sufficient to 
account for the observed cooling rates at this time. Ohtake (1970) 
attributed some of the ice crystal displays in the Fairbanks area to 
fallout from power plant plumes. Taking a more general view, however, 
ice crystal displays occur generally over the uninhabited Arctic.
It is clear that a considerable amount of water vapor must be removed 
from air as it cools from sea surface temperatures to -30°C or -40°C.
Much of this moisture removal will take place conventionally, with 
precipitation from dense clouds. But by the time the air reaches 
temperatures of -25°C to -30°C, and especially if radiation is the 
primary cooling mechanism, the formation of scattered ice crystals with 
a clear sky is normal during the final stages of the cooling process.
Many more data are needed on the prevalence, density and depth of 
crystal displays, particularly over the large continental masses of 
Canada and Siberia and over the Arctic Ocean. This may necessitate 
some special education for weather observers.
C. Ice Fog
1. Comparison of Scattering and Gray Results
There are two major differences between the gray and scattering 
formulas. Firstly, the gray formula neglects the variation of absorption 
due to ice crystals with wave number. This makes the effective ice
absorption per crystal a function of the density of the fog.* Secondly
♦Strictly speaking, the effective absorption coefficient depends on the 
ratio between ice crystal density and the densities of water vapor and 
CO2. Since the two latter densities are essentially constant with 
constant temperature and pressure, only the fog density variation is 
significant.
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the gray formula neglects scattering. The effects of scattering are 
(1) to reduce the effective emissivity of the fog top, thus reducing 
the amount of energy lost from the fog layer as a whole, and (2) to 
reduce the transmissivity without changing the emissivity, thus making 
it proportionately harder for radiation to escape from the lower layers 
of the fog.
The five sets of scattering and gray soundings in Chapter V give 
evidence that both effects occur but that scattering is the more impor­
tant, especially as the optical depth of the entire fog layer becomes 
significant (in this case, of the order of unity). Thus the cooling 
rates for the two distribution a soundings can be approximated fairly 
well by assuming that the ice crystals absorb 25% of the radiation geo­
metrically incident on them and transmit the remainder.
-3
For a 20 m fog layer, distribution jb, and 200 crystals cm , fairly 
good agreement with both magnitude and shape of the cooling curve can 
be obtained from the gray formula with 50% of the black absorption by 
the crystals. For the 50 m fog depth with n^  = 500, and for the 100 m 
fog depth with n^ = 1000, the gray absorption coefficients which give 
the best mean cooling rates through the entire sounding are again 25% 
black, but the shape of the cooling rate curve is not correctly repro­
duced. The gray formula cooling rates are too low near the top of the 
fog and too high in the fog interior. If the absorption coefficients 
in the last two soundings are Increased to 75% black, the shapes of 
the curves (as measured by the ratios of the cooling rates at various 
heights) match fairly well but the magnitude of the cooling rates are 
too high. Finally, if the 75% black cooling rates are multiplied by
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the ratio of the outgoing fluxes for the scattering and gray cases, a 
curve is obtained which is quite close to the cooling rate from the 
scattering formula. As will be discussed in part 3 of this section, 
the ratio of scattering to non-scattering fluxes may be considered an 
albedo of sorts, and it is listed as such on the tables in Chapter V. 
Table VI-6 shows the cooling rates derived from the various procedures 
for the 100 m fog depth. The same procedure may be used to obtain the 
cooling rates for the 20 m fog, although in this case the improvement 
over the simple 50% black formula is not marked.
It appears that, at least for this sounding, a relatively simple 
means of calculating the cooling rates in a thick ice fog with a mixed- 
source type of size distribution and a strong ground inversion would 
be the following:
1. Calculate the flux-difference cooling rates for a gray 
fog with 75% of the black absorption.
2. Estimate the albedo from n^Az and the known correlations 
n^Az = 105, albedo = .36; n^Az * 25 x 10^ , albedo * .32;
3
n^Az = 4 x 10 , albedo * .2. Az is the thickness of the fog
2
layer, and n^Az has units of crystals per cm .
3. Multiply the cooling rates obtained in (1) by one minus the 
albedo found in (2).
This procedure appears to give results which agree with those from the 
scattering formula to approximately 10% for relative cooling rates (i.e., 
the shape of the cooling curve) and about 30% for the actual cooling 
rates above 5 m. Further investigation is needed to determine whether 
this procedure is workable for other temperature soundings.
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Comparison of Gray and Scattering Cooling Rates 
for 100 m of 1000 crystal per cm3 ice Fog
Table VI-6
height Scattering 25% black 75% black ' 75% black x .64
0-.5 9.6 7.4 20.6 13.2
.5-1 -4.5 -5.4 -.35 -.22
1-2 -10.7 -11.8 -11.3 -7.2
2-5 -8.6 -10.5 -10.7 -6.9
5-10 -5.3 -8.2 -6.6 -4.2
10-15 -4.6 -8.5 -5.6 -3.6
15-20 -6.1 -10.1 -7.0 -4.5
20-30 -5.8 -11.3 -6.6 -4.2
30-40 -7.0 -13.6 -8.1 -5.2
40-50 -10.5 -17.8 -14.4 -9.2
50-60 -15.4 -22.6 -23.4 -15.0
60-80 -20.9 -26.5 -34.7 -22.2
80-100 -38.0 -30.8 -62.6 -40.0
100-139 -.594 -.274 .024 .015
Flux at 100 m 46.9 60.2 72.7
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Since our major interest is in whether a particular fog is likely 
to develop an adiabatic lapse rate, only the shape of the cooling curve 
is important here and the correction for magnitude of the cooling rate 
will not be discussed. For the purpose of determining the shape of the 
cooling curve, the equivalences in Table VI-7 will be assumed. The 
italic values are those most often observed in real ice fogs.
2. Stability of Lapse Rates in Ice Fog
As long as the cooling rate at the top of the fog layer exceeds that
at the bottom, the lapse rate will destabilize towards the adiabatic.*
If the cooling rate at the top is still greater than that near the 
bottom of the fog after the lapse rate becomes adiabatic, convection will 
begin in the fog. We will refer to an adiabatic lapse rate maintained 
by convection, which in turn is driven by differential cooling rates, 
as a convective lapse rate. Convective lapse rates are of considerable 
importance in considering the probable effects of air pollution, as 
will be dLscussed in Section D. Here we are concerned with the condi­
tions under which convective lapse rates develop.
The strongest destabilizing influence in the core and residential 
areas will be the man-made heat term. This gives heating rates of 
about 65°C(12 hr)  ^in the lowest 20 m of the core area and 16°C(12 hr)  ^
in the lowest 5 m of the residential area— enough to destabilize any 
fog considered in this paper. Even the 2°C(12 hr) * heating rate cal­
culated for the outlying area would have a noticable effect on the 
stability of borderline cases. It is probably a safe assumption that a
♦Technically this entire discussion refers to a moist-adiabatic lapse 
rate. The numerical difference between dry and moist-adiabatic lapse 
rates at -40°C is unmeasurable in a 100 m layer,
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E<[uivatenet between absorption coefficients (as ,-jiven in tables) 
and number densities. Based on 25% absorption for distribution 
£ and 15% absorption for distribution b.
T A B L E  V I  - 7
Distribution a
1.61: (m n^ (cm
.00064 100
.0012C 200
.00256 400
.00512 000
Distribution b
1.6  It ( n f 1 ) n ,  («
.00160 42
.00320 03
.00640 166
.01200 330
.02560 665
.05120 1330
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convective lapse rate develops downtown any time the fog depth exceeds 
20 m, and the same may be true for the residential area.
Whether or not a convective lapse rate continues to exist in a 
fog which has drifted away from the city center will depend on radiative 
and conductive processes. According to the conductive heating calcula­
tions, tabulated with the scattering formula results in Chapter V, 
cooling due to conduction from the air to the snow occurs with a maximum 
value of 2.5°C(12 hr)  ^in the lowest meter of the sounding, and values 
of about 0.1°C(12 hr) * at greater heights. Since the cooling rates 
in the lowest meter of the sounding already have an uncertainty (Table 
VI-5) of the order of 5°C(12 hr) \  conduction may be neglected. If 
the shapes of the 75% black cooling rates can be trusted for normal
lapse rates, it appears that radiative processes alone will produce a
6 _2
convective lapse rate any time n^Az exceeds 10 crystals cm . From the 
solid water content figures in Table IV-12, this corresponds to a total
A O
solid water content of 1.4 x 10 gm cm"*. On the basis of commonly 
observed number densities, it is probable that many Fairbanks ice fogs 
are just at the point of transition from enhanced cooling rates through 
the fog depth to radiative cooling concentrated at the top of the fog. 
Thus a relatively small shift in the amount of fog in areas away from 
the main heat sources could produce a considerable change in the dynamics 
of the fog. An inversion will form just above the fog in all cases, as 
the cooling rate at the top of the fog invariably exceeds that in the 
clear air above.
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3. The Fairbanks Heat Island
It is of some interest to calculate an equilibrium heat island 
temperature for Fairbanks under the following simplifying assumptions:
1. The air in Fairbanks is stagnant to the extent that it receives 
the full man-made heat contribution calculated in Chapter IV, Section
F 2b. This does not exclude the possibility of air circulation within 
the city area.
2. The lapse rate in the ice fog layer is essentially isothermal 
(or adiabatic).
3. The net outgoing flux from the top of the fog layer equals
the rate of heat addition by human activity.
4. The heat island is due entirely to the man-made heating and the 
fog. Differences in evapotranspiration and substrate thermal properties, 
which appear to be the major factors in heat island production in 
middle latitudes, are neglected. Evapotranspiration is negligible at 
-40°C with a fairly complete snow cover on the ground outside of town 
and on the roofs in town.
5. The downward flux at the top of the fog layer is the same as 
that at the undisturbed ground surface.
Let the ground temperature away from any ice fog be TQ, and the 
undisturbed net flux at the ground be Fq. The incoming flux will be 
oT0^-Fo=F_ . The foggy case is more complicated, but if the fog tem­
perature is T *> Tq+ AT and the integrated reflectivity is r, then the 
net flux F at the fog top will be given by
F « (l-r)oT4 + rF -F = (l-r)(oT4-F ) . (6-9)
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A value for r may be estimated by comparing the net fluxes at the fog
top calculated from the black and scattering formulas; we assume that
the difference between the calculated incoming fluxes is the same as
at the ground without fog, (This difference was neglected in comparing
the gray and scattering cooling rates.) Net fluxes without fog for
the terminal ice fog sounding are 27.19 for the scattering formula
and 31.54 for the black formula. F_ for the scattering formula is 
-2 -1thus 4.35 cal cm (12 hr) more than that from the black formula.
To obtain an accurate value for r, the soundings used should have 
isothermal fog layers. In that case (6-9) could be solved for F_ 
in the black and scattering cases and the known difference between 
the two values of F used to obtain r. The resulting equation is
F
r = 1 - sca
F. . -4.35 bla
Application of this formula to a fog with a finite lapse rate is 
not strictly correct, as the effective temperature in (6-9) may differ 
for the scattering and non-scattering cases. As a first approximation, 
however, using the adiabatic gray case for n^  “ 500 and a fog height 
of 50 m gives a ♦alue of r of
i 55.8 i
1 “ 67.4-4.35
Returning to an isothermal fog layer and the initial assumptions,
11 is the man-made heating rate in flux units. Then
r
F. =* H , orfog top F
(1—r) (oTA - FJ » Hp.
*This difference is probably accounted for by the neglect of ozone in 
the gray formula.
Reproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
352
Applying the equation for F , we get
(6-1C)
Using the gray formula values for the area remote from the ice
fog, ie, FQ = 31.54 and TQ = 223°K = -50°C, this may be written as
These values do not include the effects of cold air coming into 
the city from the surrounding areas. Nevertheless, they are in striking 
agreement with the coldest temperatures actually observed in downtown 
Fairbanks during ordinary ice fog events, and with the magnitude of the 
observed heat island (Benson, 1965). Note that the temperature at 2 m 
in our sounding, which would be measured as the undisturbed air temper­
ature, is -44°C, not the -50°C surface value.
If the outlying area is in radiative equilibriun, the last term in 
(6-10)vanishes and the equilibrium temperatures in the core area are
4 9
T = 2.47 x 10 +
(l-r)o
31.54
o
or
4 “F -1 9
1 ’  i ' 93 + 5 .8480-T ) *  10 11 10
For the core area, 1L = 51, the gray case (r=0) gives
T = 230°K = -43°C
while the scattering case (r=.l) gives
T = 232°K = -41°C
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T = 240°K = - 33°C for the black case 
and
T = 242?K = - 319C for the scattering case.
These should be near the maximum possible values for the 1965 heat 
addition figures.
The heat island actually observed will be controlled by the incoming 
flux, by the amount of air interchange with the surrounding area, and 
by the optical depth of the fog layer (which determines r).
As discussed in Chapter IV section F, any transport of cold air
• «S<» ' •
into the city from the outlying areas, either by net air motion or by 
mixing at the boundaries will have the effect of reducing the effective 
value of the man-made heat addition term. It is interesting to observe 
that the apparently unrealistic man-made heating rate of 65°C (12 hr) * 
can be balanced solely by the net flux at the fog top with a heat 
island which corresponds well with observed values. This indicates 
that the net air drainage through the city may be negligible.
D. Air Pollution Implications: A Natural Limitation on
Indus tri ali z atlon
It should by now be evident that the effects of ice fogs observed 
in Fairbanks cover the range from a general enhancement of the cooling 
rate inside the fog layer (with the major cooling continuing to be by 
conduction and radiation to the snow surface) to the development, even 
without considering the effects of artificial heat sources, of an active 
convective layer in the fog and a steep inversion at the fog top. In 
all cases the lapse rate inside the fog will be less stable than in 
clear air in surrounding areas with similar topography. It is of
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considerable interest to know what feedback effects these changes in 
the lapse rate will produce on further development of the fog.
A full elucidation of the feedback mechanisms would require observa­
tional data not currently available. In particular, there is very little 
quantitative data on mean wind vectors during an ice fog event in and 
around the area affected by ice fog, and virtually none on the 
temperature-height relationship in the foggy area. Also, there is no 
data on distribution of gaseous pollutants with height. Some wind data 
were collected during the winter of 1969-70. But most of these observa­
tions were made away from the core area, and there were no severe ice 
fog events during 1969-70. Plans are being made to obtain the necessary 
data, but at the present time only a very general discussion of probable 
effects is possible.
The lapse rate in the fog may affect the development of ice fog 
in the following ways: 1) it determines which pollution sources con­
tribute to the ice fog, 2) it determines the depth of the layer of air 
available to dilute the pollutants, 3) it controls the amount of turbu­
lence, which in turn affects both the rate at which small particulates 
such as ice fog crystals are removed and the upward growth of the fog 
layer, and 4) it creates boundaries which affect the interchange of 
air between the foggy and clear areas. Separate discussions of these 
factors follow.
1. Pollution Sources
As is well established in air pollution literature, the height of 
an inversion is as important a factor in determining the potential 
severity of an air pollution episode as is the inversion strength
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(Strom, 1962). An inversion located several kilometers above the surface 
will have a negligible effect on local air pollution. A surface inver­
sion, as is observed in light ice fog, will result in strong trapping 
of pollutants (including ice crystals) emitted at low levels, but will 
at the same time prevent pollutants released at higher levels from 
mixing downward. An inversion beginning slightly above the effective 
sources of most of the pollutants being released in an area will maximize 
the total amount of polluting material trapped, and will in most cases 
produce the maximum pollutant concentrations.
Benson (1965) observed that power plant plumes generally dissi­
pated before blending with the fog layer. He also gave a maximum fog 
height of 50 m. As of 1965, the steepest part of the inversion was 
often below the effective stack height of most of the power plants in 
the area. More recently, however, the plianes have increasingly been 
observed to blend with the fog, and during the severe cold spell in 
December 1968-January 1969 individual plumes could not be distinguished 
in a fog layer 100 m deep. In this case there seems little room for 
doubt that the inversion had changed from a surface inversion to the 
type most significant for air pollution.
2. Dilution
If air movement through the Fairbanks area is unaffected by the 
presence of ice fog (see section VI-D-4 below) the volume of air available 
for dilution of pollutants is directly proportional to the depth of the 
layer through which they are mixed. If a strong inversion Is estab­
lished above the fog layer, this depth will correspond to the depth of 
the fog layer. In practice an increase in fog depth should lead to
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decreased concentration of such pollutants as lead from automobiles, 
and an increase in any substances such as sulfur which are emitted 
primarily from stacks.
At the present time, the interaction of increased sources and 
increased dilution through any increase in the inversion height probably 
results in a greater r a t io  o f a i r  voliane to pollutant input for higher 
inversions. However, any increased industrialization of the area, with 
the resultant increase in the emission of pollutants at height, would 
undoubtedly reverse this situation.
3. Convection
Benson (1965) pointed out that updrafts due to the city heat island 
would result in particles which would normally settle out having a net 
upward velocity. Even random turbulence will greatly enhance the 
residence time of small particles. According to List, Table 115 (1949) 
particles smaller than lu in diameter may be considered to be in perma­
nent suspension in a calm atmosphere. In a disturbed atmosphere, however, 
the upper size limit for particles in suspension is lOu. Since most ice 
fog crystals are in the diameter range 2 to 10u, it is apparent that 
a convective lapse rate within the fog layer, with the accompanying 
thermal turbulence, may considerably reduce the crystal fallout and thus 
enhance the density of the fog. Such a density increase will in turn 
increase the difference in cooling rates at the top and bottom of the 
fog layer which drives the convection. Convective turbulence thus pro­
vides a positive feedback mechanism for fog densification once the 
threshold optical depth (k Az) necessary to maintain a convective lapse 
rate is exceeded.
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Once initiated, convection may also have a feedback effect on 
the height of an ice fog layer. A convective lapse rate is fundament­
ally one in which a parcel of air displaced vertically is accelerated 
in the same direction as the initial displacement. The acceleration 
stops at the top of the fog where the inversion begins, but the momentum 
of individual parcels of rising foggy air will carry them above the top 
of the fog layer. As a result, the fog layer will tend to grow verti­
cally until growth upward is balanced by erosion from the top of the fog.
The effect of convection in any case is clearly to worsen the 
pollution, both by increasing the equilibrium concentration of ice 
crystals and by inhibiting any tendency the crystal fallout may have 
toward removing adsorbed pollutants.
4. Boundary Exchange
The exchange of air between Fairbanks and the surrounding area is 
very poorly understood, with or without ice fog. The basic air movement 
seems to be katabatic flow controlled almost entirely by topography, 
but a good deal of local eddying or back and forth motion with little 
net air motion appears also to be involved. The volume of air containing 
dense ice fog will be warmer near the ground and colder near the top 
of the fog than is the surrounding air at the same heights. The entire 
fog volume will be bounded by a domed inversion layer (Figure VI-1).
The effect of such a disturbance in the temperature structure on the 
regional air flow is difficult to predict. There is at least a possi­
bility that the fog mass might behave as another topographic feature, 
diverting relatively fresh air which would otherwise flow into the city 
area and even producing a ponding of the cold air draining from areas
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VI-1 Shape of the Ice f o g  mass under moderate (dashed line) and fairly 
heavy (solid line) ice fog conditions. In most cases the volume within 
the fog will be nearly isothermal with a sharp inversion at the domed 
boundary from Benson (1965).
north and west of Fairbanks. There is some informal evidence that 
the temperature difference between the flats and the lower slope areas 
north of the city has decreased markedly in recent years, and it is 
possible that the ice fog may be responsible for the apparent lifting 
of the inversion in the clear air along the slopes, tluch more data is 
needed before any firm conclusions can be drawn.
5. The Difference Ice Fog Hakes
Perhaps the clearest way of emphasizing the overall effect of 
ice fog on the air pollution potential of the Fairbanks area is to com­
pare the situations with and without ice fog. With moderately dense ice 
fog, the lapse rate will be convective in the fog layer with an inver­
sion at the top of the fog layer, tian-made heating is balanced by 
radiation from the fog top. This temperature structure will concentrate 
any pollutants with effective release heights inside the fog layer.
Since the fog height is also determined in part by the altitude at which 
water vapor is released,the fog top, and hence the confining inversion, 
will tend to stabilize just above the highest level of water vapor 
input. Thus one of the worst possible temperature structures for air 
pollution potential is produced automatically by the fact that the air 
cannot hold the water vapor released by human activities. On the other 
hand, radiation and especially scattering by ice crystals will also 
work to trap most of the man-made heat beneath the inversion, from which 
it will eventually be radiated away.
If all the water vapor normally released into the Fairbanks area 
were somehow eliminated without affecting the release of any other sub­
stances, the situation would be quite different. The strong ground
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inversion normally formed under clear skies in winter at high latitudes 
would dominate the thermal structure. This would result in concentra­
tion of auto exhaust near the ground, while almost all other pollutants 
would be kept away from street level. The man-made heat addition term 
would have to be split into two fractions. Heat normally added by 
radiation from heated solid or liquid surfaces, which under ice fog con­
ditions would be trapped by the fog, would be radiated directly outward 
without fog and for the most part lost to the area. Furthermore, this 
radiation would be from surfaces warmer than the fog top. Heat added 
in the form of heated gases would rise above the city while the gases 
were cooling due to radiation by the water vapor and CC^ contained in 
them. If the volume of heated air were large, relatively clean air 
from the surrounding areas would constantly move in toward the core area 
to replace the rising air. Since enough heat would probably be added 
with such pollutants as car exhaust to weaken the city ground inversion 
somewhat, the inflow of cold, clean air would tend to lift even the 
automobile-polluted air above the street level.
In summary, radiation from ice fog crystals has two major effects. 
First, it produces one of the worst possible thermal structures for air 
pollution. It is questionable whether human beings could live through a 
severe ice fog event in a sizeable industrial city of middle latitudes 
if it were placed at the location of Fairbanks. Any major industrial 
development of the area will require serious consideration of this air 
pollution potential if Fairbanks is to remain inhabitable. On the other 
hand, the temperatures in downtown Fairbanks are probably a good deal 
warmer than they might be, due partly to the effects of ice fog in 
altering the surface radiation balance.
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